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Chapter 1  

The supramolecular bacterial systems toolbox 

Supramolecular chemistry, dealing with systems made up of components that assemble 
through non-covalent interactions, is currently forming a powerful bridge between 
chemistry and biology. Though its concepts have been largely derived from natural 
biological systems, supramolecular chemistry was mostly comprised of complex, dynamic 
and responsive architectures made up of synthetic components. Eventually biological 
entities such as peptides, proteins and oligonucleotides were incorporated into such 
architectures for biomedical applications. Synthetic materials mimicking biological 
systems were also developed for better integration with cells and tissues. Currently, 
supramolecular systems comprise of a mélange of synthetic and natural components and 
are being used to address and study various biological issues. The application of 
supramolecular chemistry with bacterial systems has so far been sparsely explored. 
Several powerful possibilities exist in combining these two aspects since bacteria can be 
addressed either as a research tool or as pathogens. Through genetic engineering, protein 
engineering and recombinant DNA technologies, they can be used as factories to produce 
supramolecularly relevant proteinaceous components. On the other hand, they have also 
evolved as very successful pathogenic agents with intricate molecular mechanisms for 
invading the human body. Supramolecular chemistry provides powerful methods for 
developing platforms to study and detect such pathogenic activity. With these in mind, 
this thesis is an explorative attempt to develop novel strategies and platforms by 
combining supramolecular chemistry with bacterial systems. This chapter provides a brief 
introduction to the various components and concepts involved in developing the various 
systems described throughout this thesis. 
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1.1. Introduction  

Over the past century bacteria have gone from being viewed as purely disease causing 

pathogens to being used as powerful research, industrial and medical tools. Since the 

discovery of the first antibiotics in the early twentieth century, vigorous research has 

been conducted to understand the mechanisms of bacterial pathogenesis and invent 

strategies to diagnose and cure associated diseases.1 During this period several other 

discoveries like the structure and function of DNA, genes, plasmids, bacterial 

transformation and restriction endonucleases led to the development of bacteria as a 

tool for producing recombinant proteins by the 1970s.2 Since then, genetic and protein 

engineering techniques have rapidly developed and helped to improve our 

understanding of bacterial pathogenesis at the molecular level. Based on these 

findings, new approaches to prevent bacterial adhesion,3 quorum sensing4 and biofilm 

formation5 are being explored as alternatives to antibiotics for curing infections. On the 

other end of the spectrum, non-pathogenic bacterial strains have been created for the 

production of proteins with novel properties for research (e.g. fluorescent proteins),6 

industry (e.g. catalytic enzymes)7 and medicine (e.g. insulin).8 Synthetic proteins with 

non-natural properties have also been made by rational design, directed evolution and 

genetically stitching together different proteins. Furthermore bacterial strains with 

interesting properties are currently being developed for use as bioactive implant 

coatings,9 biomotors,10 biosensors,11 cell factories12 etc. These examples highlight the 

versatile and important roles played by bacteria in science and society today.  

Interestingly, advances in supramolecular chemistry also follow a similar pattern in 

history. The late nineteenth and early twentieth centuries witnessed the discovery of 

fundamental supramolecular concepts like non-covalent interactions (van der Waals 

forces, hydrogen bonds, coordinate bonds, metallic bonds) and molecular recognition 

(enzymatic lock and key interactions).13 These concepts were widely used in chemistry 

but also played a big role in explaining most biological phenomena involving DNA, RNA, 

proteins, lipids, carbohydrates etc. During the 1960s and 1970s the first macrocyclic 

host molecules (crown ethers, cavitands, cryptands etc.) were discovered and shown 

to be able to specifically trap certain types of guest molecules. Since then several other 

host-guest complexes were developed and in 1987, the term “supramolecular 

chemistry” was coined when Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen 

were awarded the Nobel Prize for it.13 From that point onwards, supramolecular 

architectures became increasingly intricate, resulting in numerous dynamic materials 

like self-assembled polymers, monolayers, nanostructures and molecular machines.14 
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By careful selection of individual components, novel properties like chemical, 

electrochemical, photochemical, temperature and pH responsiveness were endowed 

upon such materials.15 This enabled the possibility of using external stimuli to change 

certain properties of these materials like stiffness, stability, molecular adhesion, size 

etc. As the molecular interactions in supramolecular chemistry are similar to those 

found in biological systems, these architectures were soon applied to address and 

incorporate peptides, proteins, lipids, carbohydrates, living cells etc.16 Now, vigorous 

attempts are being made to use supramolecular chemistry to address and manipulate 

biological entities at the molecular level for both research and medicine.17,18 Biosensors, 

microarrays, implant coatings, tissue engineering scaffolds and drug delivery vehicles 

are a few examples of biomedical applications for which supramolecular architectures 

are currently being developed. 

Accordingly, the work in this dissertation represents a collection of studies exploring 

the possibilities of developing novel systems by combining supramolecular constructs 

and concepts with bacterial cells and recombinant proteins derived from them.  

1.2. Bacteria 

In this dissertation, we have used Escherichia coli (E. coli), one of the most widely 

utilized laboratory bacterial strains for studying bacterial adhesion to surfaces, 

producing recombinant proteins and creating a supramolecularly addressable strain.  

1.2.1. Bacterial adhesion 

Escherichia coli (E. coli), discovered by Theodor Escherich in 1885, is a gram-negative 

bacteria commonly found in the intestines of human beings. The cells are rod-shaped 

with dimensions of ~3 µm in length and ~1 µm in diameter.19 Most strains are highly 

motile, using uniformly distributed thread-like appendages called flagellae (Figure 1.1) 

to move at speeds of 20-40 µm/s.20 Apart from these, they also have smaller hair-like 

appendages called fimbriae or pili (Figure 1.1), which usually aid in their adhesion to 

surfaces.21  Harmless strains are usually part of the normal gut flora and are symbiotic, 

providing vitamin K2 and preventing colonization of invading microbes. There also exist 

several pathogenic strains that cause problems like gastroenteritis, neonatal 

meningitis, food poisoning, urinary tract infections etc. In this dissertation we have 

focused on uropathogenic E. coli (UPEC) and developed supramolecular platforms to 

study and detect their surface adhesion properties. 
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Pathogenic strains of E. coli cause infections by forming colonies within internal organs 

of the body. Such colonization usually begins with the adhesion of bacterial cells to 

particular tissues in the host organism. In many cases, adhesion occurs through hair-like 

fimbrial adhesins located on the bacterial surface.21 Type 1 fimbrial FimH receptor is one 

of the most comprehensively studied adhesin in E. coli (Figure 1.1). It aids in the 

adhesion of UPEC to the walls of the urinary tract, which subsequently forms colonies 

resulting in urinary tract infections (UTI). FimH binds specifically to mannose sugar 

molecules found in glycoproteins and glycolipids on the surface of target cells.21 This 

adhesin has been extensively studied since it enables E. coli to adhere to surfaces even 

in the presence of relatively large shear stresses regularly experienced in the urinary 

tract (>100 dynes/cm2).22,23 Such robust adhesion seems to be possible due to two 

important parameters – 1) the presence of several (200-500) type 1 fimbriae on the 

bacterial surface allowing for multivalent binding and 2) catch-bonds that bind stronger 

in the presence of higher shear stresses.24–26 Due to these factors, the binding strength 

of UPEC to cell surfaces depends upon the mannose density and fluid shear stress 

within the urinary tract. Gaining insights into these parameters would help improve our 

understanding of the initiation of this bacterial infection and enable the development 

of appropriate medications to prevent the adhesion.     

 

Figure 1.1. Schematic representation of flagellae and type 1 fimbriae on the surface of E. coli. The 

type 1 fimbria is comprised of several fimbrial proteins with the FimH adhesin at the tip capable of 

binding mannose ligands. The 3D structure of the FimH receptor bound to heptyl α-D-

mannopyrannoside27 has been reproduced with permission from the RCSB Protein Data Bank with a 

PDB ID: 4BUQ using Jmol: an open-source Java viewer for chemical structures in 3D, 

http://www.jmol.org/.  

Apart from their natural properties, E. coli also plays a major role in genetic engineering 

and recombinant DNA technologies. Whole genome sequences of several strains have 
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been unraveled, helping us improve our understanding of various genes and their 

functions. Harmless laboratory strains are used to produce heterologous, fused and 

even synthetic proteins. Furthermore, genetic modification has led to the creation of 

strains with new characteristics for research, medical and industrial purposes. We have 

used this powerful tool to explore the possibility of generating recombinant proteins 

and even a bacterial strain with multivalent supramolecular functionalities.  

1.2.2. Recombinant DNA technology 

Recombinant DNA is created using laboratory methods to combine genetic material 

from different sources resulting in sequences that would otherwise not be found in 

biological organisms. This is possible since all organisms follow the central dogma of 

molecular biology by which DNA sequences are converted to RNA in a process called 

‘transcription’ and then subsequently into proteins in a process called ‘translation’.28 

There are a total of four different nucleotides that make up any DNA sequence and 20 

different amino acids that make up protein sequences. The sequence of nucleotides in 

a gene eventually gets translated into the amino acid sequence of a protein. This 

genetic encoding occurs through codons, a sequence of three DNA or RNA nucleotides 

that corresponds with a specific amino acid or stop signal during protein synthesis.29 

Since there are 64 possible nucleotide combinations in a codon, most amino acids are 

encoded by more than one codon sequence. Nevertheless, the codon sequences that 

correspond to particular amino acids are the same across all organisms. So, if the amino 

acid sequence of a desired protein is known, it can be heterologously produced in 

another organism by incorporating the corresponding DNA sequence into its genetic 

material.  

Bacteria are major players in recombinant DNA technology for two main reasons. 

Firstly, their genetic makeup is relatively simple. In most higher organisms, the genetic 

sequence for a protein is split up into smaller parts called introns that are separated 

from one another by exons (non-coding DNA sequences) within the genome. These 

introns get stitched together when the DNA is converted to mRNA, which is then 

translated into a protein.30 However in bacteria, such introns and exons do not exist 

and a protein is encoded by a single continuous sequence of nucleotides. Secondly, 

bacteria have two types of genetic material – the chromosome and plasmids.31 The 

chromosome is the permanent genetic material that encodes for all the vital 

characteristics of a bacterial cell. Plasmids are relatively temporary smaller circular DNA 

sequences that usually contain genes required for survival under stressful conditions 

like abnormal heat, osmotic pressure, pH and antibiotics. Plasmids are one of the most 
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powerful tools in bacterial genetic engineering since they can be modified to carry 

desired genes into the cell. The act of transporting plasmids into bacterial cells is called 

‘transformation’. By doing so, bacterial strains that produce desired proteins can be 

created.31  

Genes encoding for desired proteins can either be obtained directly from an organism 

or chemically synthesized. In higher organisms, since genes are usually present in the 

form of introns and exons within the genome, they are usually obtained by reverse 

transcription of their corresponding mRNA sequences. In prokaryotes, genes can be 

directly obtained from the genome. Usually very low quantities of desired genes are 

obtained either from organisms or by chemical synthesis and they need to be 

replicated over several orders of magnitude, a process called ‘amplification’, to obtain a 

sufficient amount for downstream processes. This amplification is usually done by a 

technique called Polymerase Chain Reaction (PCR).32 The technique uses naturally 

occurring enzymes called DNA polymerases that “read” template DNA strands, starting 

from the 5’ end and create complementary strands. However, these polymerases 

cannot create a complementary strand from scratch directly from a template strand, 

since they can only extend existing DNA strands. So, short DNA strands that 

correspond to the initial part of a desired sequence, called ‘primers’, are required to 

initiate the polymerization. Primers also allow us to selectively amplify genes from a 

genome, extend strands with functional DNA sequences, introduce mutations and even 

stitch together different strands.  

Once a sufficient quantity of a desired gene is obtained, it needs to be inserted into a 

plasmid. This is usually done in a “cut and paste” manner using restriction 

endonucleases and ligases.31 Restriction endonucleases are enzymes that can 

specifically cleave double stranded DNA at or near certain recognition sequences, 

called restriction sites. This process is called restriction digestion. This cleavage can 

result in either blunt or sticky ends. Sticky ends arise when the enzyme cuts one of the 

two DNA strands more than the other. This results in an overhang of one of the 

strands, allowing it to be available to “stick” to its complementary DNA single strand. 

So, when the same restriction endonucleases are used to cleave  both a gene and a 

plasmid, they get the same sticky ends, allowing the gene to be “pasted” with the 

plasmid. This “pasting” is complete only when the DNA backbones are covalently 

linked, a process called ‘ligation’, carried out by enzymes called ligases. These enzymes 

are also used to fuse two or more genes together, eventually resulting in the 

production of fusion proteins.  
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In this dissertation, recombinant proteins are usually produced by first obtaining the 

desired genes and appropriate plasmids, performing restriction digestion and ligation 

to insert the genes into the plasmids, transforming the plasmids into a suitable E. coli 

strain and finally inducing the bacteria to express the proteins. Following this, the 

bacterial cells are made to rupture and the released proteins are purified with 

purification tags and size exclusion columns. A simplified schematic of the entire 

process has been depicted in Figure 1.2. 

 

Figure 1.2. Recombinant DNA technologies used to produce a recombinant protein within E. coli.  

1.2.3 Bacteria in nanotechnology and biomedical engineering 

Due to properties like small size, defined shape, rapid growth, motility, robustness, 

selective adhesiveness and ability to be genetically modified, several studies have 

explored the utilization of bacterial cells for applications in nanotechnology.  

Bacterial motility has inspired their usage as bio-motors for the conversion of chemical 

energy to mechanical. Strategies to immobilize bacterial cells on substrates in an 

oriented manner while retaining their motility have been explored for the actuation of 

micromechanical devices.33 Uyeda and coworkers were able to use Mycoplasma mobile 
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(M.mobile) to drive a microrotary motor, fueled by glucose (Figure 1.3a).34 Fabrizio and 

coworkers used nanofabrication techniques to construct a microrotor that would be 

propelled in one direction when dipped in a culture of E. coli.10 Recently Sitti and 

coworkers devised a pH gradient based system to control multi-bacteria propelled 

microrobots.35 Further advances in improving oriented bacterial adhesion, sustained 

motility and renewability of the surface could result in effective means of powering 

microscopic devices using bacterial cells. 

Genetic engineering and rapid growth has enabled the development of bacterial strains 

that can express combinations of heterologous metabolic enzymes as cellular factories 

capable of synthesizing chemicals for fuels, materials and drugs in an eco-friendly and 

sustainable manner.36 Studies have shown that production yields remain low if the 

enzymes are freely floating in the cytosol since intermediate products do not get 

effectively transported from one enzyme to the next.12 Furthermore some 

intermediates can be toxic to the cell or can leak out from the cell. Simultaneous 

production of protein scaffolds that can assemble the enzymes within close proximity 

of each other has shown to be extremely effective in solving these issues and 

improving yields. Currently, research is being conducted to develop robust and multi-

functional protein scaffolds for various metabolic systems (Figure 1.3b).12,37  

Genetic engineering and surface adhesive properties have resulted in the exploration 

of using bacterial cells as a living interface between synthetic materials and mammalian 

cells. Salmeron-Sanchez and coworkers have genetically modified a non-pathogenic 

Lactococcus lactis (L. lactis) to display a fibronectin fragment for the adhesion and 

differentiation of mammalian cells (Figure 1.3c).9 These bacteria were able to colonize 

material surfaces and form stable biofilms. Such bacterial biointerfaces can be 

programmed to express desired biochemical signals on demand, establishing a new 

dimension in biomaterial surface functionalization for biomedical applications.  

Bacterial display is another interesting application born out of the ability to genetically 

modify bacterial strains. Peptides and relatively small proteins of interest can be 

displayed on the surface of a bacterial cell by genetically fusing them with 

transmembrane, flagellar and fimbrial proteins.38 This system is usually used in 

applications such as the creation of novel vaccines, the identification of enzyme 

substrates and finding high-affinity ligands for target proteins through randomized 

peptide libraries. Daugherty and coworkers have made pioneering progress in this field, 

identifying and modifying transmembrane proteins for displaying peptides and 

miniproteins and also optimizing the methodology of the system.39 They were able to 
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identify high-affinity binding peptide sequences for target proteins such as thrombin40 

and nueropilin,41 develop a quantitative kinase kit42 and establish a technique for 

assessing antibody-epitope specificity.43 Apart from displaying peptides and proteins 

for such research purposes, bacterial display has also been used for eco-friendly 

utilization of toxic carbon monoxide to make bioplastics. Han and coworkers 

developed a novel system in which a carbon monoxide-binding protein and carbon 

monoxide-dehydrogenase were anchored on the cell surface of Ralstonia eutropha (R. 

eutropha).44 The proteins anchored to the cell surface were able to capture and convert 

carbon monoxide to carbon dioxide. R. eutropha was then able to utilize this carbon 

dioxide in its metabolic pathways to produce poly[(R)-3-hydroxybutyrate] (PHB), a 

biodegradable and biocompatible, thermoplastic that can be made into films, fibers, 

and sheets and could potentially be molded into bags and bottles. These examples 

highlight the versatility of bacterial display systems for developing novel solutions to 

various problems. 

The small size and defined shape of bacteria has enabled their incorporation in 

biophotonic waveguides. Li and coworkers were able to trap living E. coli cells in an 

oriented manner within biophotonic waveguides up to several tens of micrometers 

(Figure 1.3d).45 They also observed good light propagation through these waveguides 

and were able to record the propagating signal in real-time. This strategy could enable 

the generation of a new class of biocompatible microenvironments, merging the 

optical and biological worlds for real-time detection of signals in biomedical 

applications.  

The few examples described in this section highlight the broad expanse of applications 

being developed in nanotechnology and biomedical engineering using bacterial 

systems. 
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Figure 1.3.  Examples of bacteria used in nanotechnology. a) Motility of M. mobile bacterial strain 

used to propel a microrotor. Reprinted with permission.34 Copyright 2006, National Academy of 

Sciences. b) E. coli used as cellular factories for in vivo production of mevalonate by making them 

express heterologous metabolic enzymes and a protein scaffold to assemble the enzymes in 

sequence and improve production efficiency. Reprinted with permission.12 Copyright 2009, Nature 

Publishing Group. c) L. lactis biofilms used as a living interface between synthetic materials and 

mammalian cells. Reprinted with permission.9 Copyright 2013, John Wiley & Sons. d) Biophotonic 

waveguides of E. coli used to create living microenvironments where signals can be transmitted and 

recorded in real-time. Reprinted with permission.45 Copyright 2013, American Chemical Society. 

1.3. Proteins 

In this dissertation, two major classes of proteins were utilized – fluorescent proteins 

and cystine-stabilized miniproteins. 

1.3.1. Fluorescent proteins 

The green fluorescent protein (GFP), discovered in the early 1960s in a jellyfish, is 

composed of 238 amino acid residues (26.9 kDa) and exhibits bright green fluorescence 
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when exposed to light in the blue to ultraviolet range.46 The amino acid residues 

forming the fluorophore are shielded inside a robust β-barrel resulting in a very high 

fluorescence quantum yield (up to 80%) (Figure 1.4a).47 This tight protein structure also 

confers resistance to fluorescence variations due to fluctuations in pH, temperature, 

and denaturants such as urea. 

The potential applications of GFP were only realized in the late 1990s a few years after 

it was first cloned in bacteria in 1992.48 Initially it was used in bacteria and nematodes to 

follow gene expression but eventually it was fused to antibodies and other proteins 

that could target particular cellular antigens. Genetic mutation of the fluorophore 

resulted in modification of its spectral properties, giving rise to differently coloured 

fluorescent proteins. Several other similar fluorescent proteins were later identified in 

other species and cloned into bacteria, expanding the existing colour palette. 

Currently, a broad range of fluorescent proteins exist that feature fluorescence 

emission spectral profiles spanning almost the entire visible light spectrum (Figure 

1.4b).49 Today, apart from being used to visualize components in a cell,50 these 

fluorescent proteins are also used to gain insights into protein-protein, protein-ligand 

and supramolecular host-guest interactions. Using techniques like Fröster resonance 

energy transfer (FRET),51 fluorescence anisotropy,52 flow cytometry53 and microscale 

thermophoresis (MST),54 detailed information about interaction strengths and 

orientations can be obtained.  
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Figure 1.4. a) Structure of GFP (Reproduced with permission from Zeiss Microscopy Online Campus) 

and b) different fluorescent proteins currently available with excitation and emission wavelengths 

spread over the whole visible spectrum. Reprinted with permission.49 Copyright 2010, Royal Society 

of Chemistry. Some are derived from GFP, some from monomeric red fluorescent protein (mRFP) 

and some were evolved through somatic hypermutation (SHM). 

1.3.2. Cystine-stabilized miniproteins 

Miniproteins like affibodies, kunitz domains, ankyrin repeats, PDZ domains, nanobodies 

and knottins are currently under intense investigation as alternative non-immunoglobin 

scaffolds for the generation of novel binding agents.55 Amongst these, knottins are one 

of the smallest naturally-occurring miniproteins (typically 25–35 amino acids) that bind 

a range of target proteins.56 Their three-dimensional structure is essentially defined by 

a peculiar arrangement of three disulfide bonds. It is made up of a small triple-stranded 

antiparallel β-sheet, which is stabilized by the disulfide bond framework.57 Due to this 

structure, knottins are extremely robust with high melting temperatures (Tm >100oC) 

and even resistant against proteolytic enzymes. Naturally occurring knottins have little 
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sequence homology except the set of Cys residues, which gives rise to the conserved 

pattern of disulfide bridges.57 The interspersed peptide loops are highly variable both in 

length and sequence so that the core of the knottin structure could be a suitable 

scaffold in order to create interfaces for novel binding activities.57,58  

The serine protease inhibitor EETI-II, a squash-type inhibitor isolated from jumping 

cucumber seeds, was the first model of the ‘knottin’ family. It consists of 28 amino 

acids and three disulfide bridges, which are essential for the bioactive conformation of 

this microprotein (Figure 1.5a).58 Remarkably, this biomolecule possesses the unfailing 

ability to refold and correctly form its three disulfide bonds.58 Christmann and 

coworkers established the bacterial production of EETI-II and investigated to what 

extent this folding motif tolerates modifications to its loop structures.59 Using gene 

synthesis two derivatives were constructed where the six-residue protease-inhibiting 

loop was either replaced by a 13-residue epitope of Sendai virus L-protein or by a 17-

residue epitope from the human bone Gla-protein (also called E-tag). Both wild-type 

EETI-II and its variants were produced in a correctly folded state —despite being 

contaminated with disulfide-crosslinked oligomers— at high yields (10–20 mg/L culture 

after IMAC purification) via secretion into the periplasm of E. coli as fusions with the 

maltose-binding protein (MalE). The cysteine residues were shown to be fully oxidized 

and the engineered knottins were binding to monoclonal antibodies directed against 

the epitopes. A large number of cystine-stabilized miniproteins have also been 

identified to possess analgesic, anthelmintic, antimalarial, antimicrobial, antitumor, 

insecticide, protease inhibitory and toxic properties. An open-access online knottin 

database (http://knottin.cbs.cnrs.fr) has been created by Gracy and coworkers 

providing standardized information on these small disulfide-rich knotted proteins.60 So 

far, 2193 sequences from 450 organisms with 167 experimentally obtained 3D 

structures have been listed. Binding affinities of these inhibitor cystine knots have been 

determined to be in the low nM ranges. Cochran and coworkers, through rational 

design strategies, developed knottins containing RGD with flanking residues that were 

able to bind different integrins with different levels of affinity.61 Daugherty and 

coworkers used bacterial display systems with loop-modified knottins to identify high 

affinity inhibitors of thrombin40 and neuropilin.41 Chiche and coworkers developed a 

truncated 23 residue form of the knottin EETI-II, called Min-23, with only two sets of 

stabilizing disulfide bridges (Figure 1.5b).62 Similar to its parent knottin, it is comprised 

of a cystine-stabilized β-sheet (CSB) motif that forms an autonomous folding unit with 

three β-strands and a short α-helix. Even though Min-23 miniproteins are stabilized by 

only two disulfide bridges they still retain high melting temperatures (Tm ~100oC) and 
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proteolytic resistance. The peptide sequence of the second β-turn is admissible to 

extensive modifications, up to 10 amino acids, for which high affinity binders have been 

identified for various target proteins like VEGF, HIV-Nef, mitochrondiral membrane 

protein Tom70 etc.63,64 Further, to expand upon the functionality of the exposed 

groups in these cystine-stabilized miniproteins, strategies have been developed to 

chemically conjugate various synthetic molecules and non-natural amino acids.61,65 Such 

constructs have been successfully shown as effective imaging agents using conjugated 

fluorescent dyes and radiofluorinated compounds (Figure 1.5c).58 These cystine-

stabilized miniproteins have thus developed into peptide species which are extremely 

attractive for synthetic biology purposes since they are small, easily accessible to 

chemical synthesis, stable, high-affinity binders and tolerate extensive sequence 

modifications. 

 

Figure 1.5. a) Sequence, structure and β-trypsin binding of EETI-II knottin. Reprinted with 

permission.58 Copyright 2009, Lahti et al. The trypsin binding loop (orange), two other modifiable 

loops (green, blue) and disulfide bridges (yellow) have been shown. b) 3-D structure of Min-23 

miniprotein developed by eliminating the trypsin-binding loop from EETI-II knottin. The modifiable 

loop has been indicated in pink. Reprinted with permission.63 Copyright 2005, American Chemical 

Society. c) AF680-labeled integrin-binding engineered knottin illuminates mouse medulloblastoma 

in vivo imaged 2 hrs after tail vein injection (mouse with (left) and without (right) tumor). Reprinted 

with permission.61 Copyright 2013, National Academy of Sciences. 
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1.4. Supramolecular host-guest chemistry 

Host-guest chemistry is a branch of supramolecular chemistry that involves binding 

through molecular recognition caused by non-covalent interactions, such as ion-ion, 

ion-dipole, dipole-dipole, hydrogen bonding, cation-π, anion-π, π-π, closed shell and 

van der Waals interactions. In general the host is a bigger molecule that possesses 

convergent binding sites (containing a pocket) and a guest is a smaller entity that 

possesses divergent binding sites (able to sit in the pocket). Such systems are 

analogous to protein-ligand interactions. The host and guest molecules used in this 

dissertation are described in this section. 

1.4.1. Hosts 

Cyclodextrins 

Cyclodextrins (CDs) are a structurally related family of natural products formed during 

bacterial digestion of cellulose.66 These cyclic oligosaccharides, consisting of (α-1,4)-

linked α-D-glucopyranose units, contain a slightly hydrophobic central cavity and a 

hydrophilic outer surface. Due to the chair conformation of the glucopyranose units, 

the cyclodextrins are shaped like a truncated cone rather than perfect cylinders (Figure 

1.6a). The hydroxyl groups are on the rims and are oriented to the cone exterior with 

the primary hydroxyl groups of the sugar residues at the narrow edge of the cone and 

the secondary hydroxyl groups at the wider edge. The secondary hydroxyl groups are 

linked through hydrogen bonds, resulting in the stiffening of the truncated cone. The 

central cavity contains the skeletal carbons and ethereal oxygens of the glucose 

residues, resulting in its slightly hydrophobic nature.66  

The natural α-, β- and γ-cyclodextrins (α-CD, β-CD and γ-CD) consist of six, seven, and 

eight glucopyranose units, respectively. Apart from their natural form, there are also 

several chemically modified CDs, achieved by substitution of the hydroxyl groups. 

Functionalities that alter the specificity, physical and chemical properties of these CDs 

have been introduced for various applications.67,68 CDs can bind a wide range of 

hydrophobic compounds and are used to improve their water solubility and also mask 

undesirable properties such as odor and taste (Figure 1.6b).69 Such CD-based 

complexes are currently used in pharmaceutical, food and cosmetic industries. CDs are 

also widely used in research for catalysis, drug delivery, molecular machines, polymers, 

surface modification, dynamic vesicles, etc.68,69   
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Figure 1.6. a) Chemical structure of β-cyclodextrin. Reprinted with permission.70 Copyright 2005, 

Royal Society of Chemistry. b) Schematic representation of the 3D structure with height of the 

truncated and cavity diameters given. c) Incorporation of a hydrophobic molecule, azobenzene 

(yellow), within the hydrophobic cavity. 

Cucurbit[n]urils 

Cucurbit[n]urils (CB[n]) are hollow pumpkin-shaped macrocyclic molecules made of 

glycouril monomer units.71 They have a hydrophobic cavity and polar rims lined with 

ureido-carbonyl oxygens allowing them to bind a variety of aromatic cations with 

micromolar affinities. The size of the cavity depends on the number of glycouril units 

and accordingly, there are CB[n]s of different sizes (Figure 1.7a,b): cucurbit[5]uril 

(CB[5]), cucurbit[6]uril (CB[6]), cucurbit[7]uril (CB[7]), cucurbit[8]uril (CB[8]) and 

cucurbit[10]uril (CB[10]).72,73 Depending on the size, various guest molecules can fit 

within the cavity with different affinities. Among these, CB[8] happens to be especially 

interesting since the cavity is large enough to simultaneously encapsulate two aromatic 

guest molecules.71,72 Homo- and hetero-ternary complexes comprising molecules like 

methylviologen, azobenzene, aromatic amino acids and naphthol have been shown to 

form with stabilizing charge-transfer interactions between the two guests in the cavity 

(Figure 1.7c).74 Dynamic and responsive polymers, surfaces, nanostructures and 

hydrogels have been constructed using CB[8] and its guests for various applications 

like tissue engineering scaffolds,75 cellular manipulation platforms,76,77 biomolecule 

detection,78,79 drug delivery80 etc.  
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Figure 1.7. a) 3D crystal structures of some cucurbit[n]urils. Reprinted with permission.72 Copyright 

2003, American Chemical Society. b) Chemical structure and dimensions of cucurbit[n]urils. 

Reprinted with permission.72 Copyright 2003, American Chemical Society. c) Schematic 

representation of the inclusion of two aromatic guests, methylviologen (purple) and azobenzene 

(yellow) within the hydrophobic cavity of CB[8]. 

1.4.2. Guests 

Methylviologen 

Methylviologen (MV2+), also known as paraquat, is a positively-charged redox-active 

heterocyclic dipyridium compound. It has been widely used as an electron-acceptor and 

electron-transfer indicator in the studies of biological, chemical and photochemical 

redox reactions.81 MV2+ can undergo two successive and reversible one-electron 
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reductions, first forming a radical cation species (MV+.) and then a neutral quinoid form 

(MV) (Figure 1.8).82 Even though MV2+ does not bind cyclodextrins, the doubly reduced 

MV form has been shown to weakly interact with β-CD with sub-millimolar affinity 

(Figure 1.8).82 However the opposite is true with CB[7] and CB[8] where MV2+ has been 

shown to bind strongly with low micromolar affinities (Figure 1.8).83,84 The reduction of 

MV2+ to MV+. and MV forms results in progressively lower affinities towards CB[7].83 In 

the case of CB[8], MV2+ binds in a 1:1 ratio and the radical cation MV+. forms a stable 

dimer within the CB[8] cavity with a dimerization constant of 2 x 107 M-1 (Figure 1.8).84 

Acting as an electron acceptor, MV2+ can also form stable charge-transfer complexes 

with electron donating aromatic guests like azobenzene, naphthol, tryptophan and 

phenylalanine inside the CB[8] cavity (Figure 1.8).71,72,74 Reduction of MV2+ to the radical 

cation form results in destabilization of the charge-transfer complexes, usually causing 

the second guest to get expelled from the cavity.76,85,86 Such supramolecular 

complexes with MV2+ and MV+. have been used to make dynamic and responsive 

polymers,87 surface coatings,76,77,79 nanoparticles88 and hydrogels.89  

 

Figure 1.8. a) Different oxidation states of methylviologen along with known supramolecular 

complexes formed with CB[8], CB[7] and β-CD. In the case of CB[8]-MV2+, a second different guest 

molecule can be included within the cavity represented by an orange dashed box. 

Azobenzene 

Azobenzene (azo) is composed of two phenyl rings connected by a diazene (-HN=NH-) 

bond. A wide range of molecules have been derived from this core structure by 

extending the phenyl rings with chemical functionalities.90 One of the most interesting 

properties of azo and its derivatives is their ability to photo-isomerize from the more 

stable trans to the relatively unstable cis form on irradiation with light in the ultraviolet 
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(UV) regime (300 - 400 nm wavelengths) (Figure 1.9).90 Visible light (>400 nm 

wavelength) can be used to convert the molecule back to the trans form. Alternately, if 

no irradiation is applied, thermal back-relaxation to the stable trans form will slowly 

occur. The trans form is known to bind α-CD, β-CD, CB[7] and the CB[8]-MV2+ complex 

with moderate micromolar affinities (Figure 1.9).85,87,91–93 Upon photo-isomerization, the 

cis form experiences a weaker affinity with these CD cavities due to steric constraints.91 

With CB[7], the isomerization to cis-azo is known to destabilize the complex92 but 

certain azo derivatives are known to bind even stronger in their cis form.93 It has even 

been shown that CB[7] induces trans-cis isomerization of such derivatives under certain 

conditions.93 In the case of photo-isomerization of the trans-azo-CB[8]-MV2+ ternary 

complex, since the cis-azo isomer can solely occupy the entire cavity, either MV2+ or cis-

azo gets expelled from the cavity depending upon the type of azo derivative used.85,87 

The cis isomer of unmodified azo does not expel MV2+ from within the cavity85 however 

a pyridium-functionalized azo (Figure 1.9) in its cis form is able to bind CB[8] with a 

higher affinity than MV2+, resulting the expulsion of MV2+ from the cavity.87 Thus cis 

isomers of azo derivatives that are able to form complexes with CB[7] and CB[8] have 

functionalizations that form stabilizing interactions with the polar rims of these host 

molecules (Figure 1.9). These photo-switchable host-guest complexes have been used 

to construct optically responsive polymers,87 surfaces,94 hydrogels,91 molecular 

machines95 and nanoparticles.88 
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Figure 1.9. Azobenzene isomers along with schematics representing a few known inclusion 

complexes with α-CD, β-CD, CB[7], CB[8]-MV and CB[8]. For the cis isomer, chemical structures of azo 

derivatives that are known to form stable complexes with CB[7] and CB[8] have been included on 

the right. 

Peptide motifs 

Aromatic amino acids such as tryptophan, tyrosine and phenylalanine have been shown 

to bind CD and CB[n]s over a wide range of affinities (Kd = 10-2 – 10-5 M). Binding usually 

occurs with the aromatic side chains entering the hydrophobic cavities and the amino 

acid backbones sometimes interacting with the rims of the macrocyclic hosts. Weak 

binding of such aromatic amino acids either in their free form or as part of peptides has 

been shown to occur with α- and β-CDs with low to moderate millimolar affinities.96–98 

Higher affinities have been achieved with linear and branched constructs containing 

multiple weak-binding aromatic amino acids when allowed to bind in a multivalent 

manner with β-CDs arrays on surfaces.99 Based on such interactions with aromatic 

amino acids, CDs have been used in solution to improve the solubility and stability of 

proteins and drugs that carry these amino acids.66–68 On the other hand, CB[n]s bind 

hydrophobic amino acids with appreciable affinities in the low to mid micromolar 
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regime. The relatively smaller hydrophobic amino acids of alanine and valine have been 

shown to occupy the cavity of CB[6].100 The aromatic amino acids of phenylalanine (F), 

tryptophan (W) and tyrosine (Y) have been shown to bind CB[7]101 and the CB[8]-MV2+ 

complex102 with 1:1 stoichiometry. With CB[8], these amino acids form homoternary 

complexes with two aromatic groups simultaneously occupying the cavity and being 

stabilized by π-π interactions between them.103 Interestingly, in peptides, the N-

terminal aromatic amino acids have a significantly higher affinity towards CB[7] and 

CB[8] compared to C-terminal or internal positions.101–103 It has been proposed that this 

is due to the stabilizing interaction of the charged N-terminal amino group with the 

polar ureido-carbonyl oxygens on the rims of these CB[n]s. On the other hand, C-

terminal carboxyl groups contribute destabilizing repulsive interactions with the rims. It 

has also been shown that the binding strengths of peptides containing these amino 

acids depend upon adjacent amino acids in the sequences.102–104 Currently, peptide 

motifs like FGG, WGG, GGWGG and GGFGG have been used to construct supramolecular 

polymers,105 induce protein dimerization,106,107 facilitate adhesion of peptides and 

proteins to surfaces,76,77,79 hydrogels,108 etc. The various peptide motifs used as guests 

in this thesis and their corresponding host molecules have been shown in Figure 1.10. 

 

Figure 1.10. Schematic displaying the supramolecular peptide motifs used as guest molecules in this 

thesis along with their corresponding hosts. Tyrosine (Y), tryptophan (W) and phenylalanine (F) 

have been used as part of the peptide sequences GYG, GGWGG and FGG respectively. These peptide 

sequences were also fused with fluorescent proteins and miniproteins.  
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1.4.3 Stimuli Responsiveness 

Since non-covalent interactions exist in a state of equilibrium, environmental factors 

can influence whether the system exists in a bound or unbound state. For instance, 

hydrophobic interactions, like the binding of aromatic guests within the cavity of CDs, 

are usually favoured in aqueous solvents. Charge transfer complexes between MV2+ 

and another aromatic guest such as naphthol, azobenzene, aromatic amino acids etc. 

within the cavity of CB[8] gets destabilized once MV2+ is reduced to MV+.. The binding 

affinities of azobenzenes within the cavities of CDs, and CB[n]s can be changed by 

photoisomerization between their cis and trans forms. A guest bound within the cavity 

of a host can be replaced by another guest that has a higher affinity towards the host 

molecule. These examples show that it is possible to change the properties of certain 

supramolecular systems by changing environmental factors. These factors like light, 

temperature, pH, electrical potential, etc. that we can control are termed stimuli and 

the ability of a system to be modified by these stimuli is called stimuli responsiveness 

(Figure 1.11). This provides us with the possibility of developing systems over which we 

not only have spatial control by also temporal control.  

 
Figure 1.11. The basis of stimuli responsiveness. Upon external stimulus, binding entities either 

undergo binding or unbinding due to a change in either the ligand or the binding site. By 

constructing materials with these components, stimuli-reponsiveness can be endowed upon the 

whole material.   

By careful selection and synthesis of molecular components, different types of 

supramolecular architectures have been developed that respond to various stimuli. 

Supramolecular polymers have been developed that can switch from liquid to solid 

state or vice versa by changing the temperature, solvent properties, chemical 

constituents, applying light of a certain wavelength, electric potentials and even 

mechanical stress.15,109 Such polymers have potential applications in adhesives, 

cosmetics, printing and material coatings. Soft nanoparticles, held together by 

monovalent and multivalent supramolecular components have been designed that are 

size-tuneable based on their chemical composition.110 Photo-responsive and redox-
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active components have also been used such that these nanoparticles can be 

disassembled by applying the appropriate stimulus.111 Such nanoparticles have great 

potential as drug carriers for targeted drug delivery. Supramolecular hydrogels that can 

swell, contract, become softer or stiffer and undergo sol-gel transitions depending on 

the external stimulus have been developed for various biomedical applications such as 

smart medical implants, controlled drug delivery, tissue regeneration scaffolds etc.112,113 

Stimuli responsive-surface coatings have been widely developed to study biological 

phenomena that occur due to changes in the environment. Strategies to assemble 

supramolecular hosts and guests on surfaces allowing the possibility to switch them 

between being cell adhesive and cell repellent have led to insightful discoveries about 

biomechanical and chemical changes that occur within cells during adhesion and 

release from surfaces.76,77,94,114 Such surfaces are also being developed to make 

responsive biomedical implant coatings, reusable biosensors etc. Thus stimuli-

responsiveness provides us additional spatial and temporal control over the materials 

we design, allowing us to develop extremely versatile systems.  

1.5. Outline of the thesis 

This thesis covers an explorative approach in combining the components and concepts 

described in this chapter. The work described in this thesis has been organized in three 

sections – 1) using bacteria to produce recombinant supramolecularly relevant proteins 

(Chapters 2-4), 2) developing supramolecular platforms to address bacteria as 

pathogens (Chapters 5-7) and 3) using the bacterial cell as a supramolecular entity 

(Chapter 8). In Chapter 2, a β-CD-binding multivalent peptide tag was designed and its 

binding properties on β-CD monolayers were studied. This tag was then genetically 

fused to a red fluorescent protein and its ability to immobilize the protein on β-CD 

monolayers was studied. In Chapter 3, a strategy was developed to construct 

functional knottin-displaying surfaces by genetically fusing a CB[8]-binding peptide 

motif to its N- and C-terminals. In Chapter 4, a strategy to develop multivalent and 

multispecific proteins was tested by genetically engineering chains of miniprotein 

scaffolds. In Chapter 5, a photoresponsive platform for studying the adhesion of 

proteins and bacteria was developed using  β-CD monolayers and azobenzene 

glycoconjugates. In Chapter 6, a similar, yet improved platform was developed using 

ternary complexes of MV2+, CB[8] and an azobenzene glycoconjugates immobilized on 

supported lipid bilayers. In Chapter 7, gradients of mannose were made on solid state 

supported lipid bilayers in microchannels and were used to study the effect of mannose 

surface density and solution shear stress on the binding capabilities of E. coli. In 
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Chapter 8 a supramolecularly addressable bacterial strain was developed and 

incorporated as a living component in supramolecular SAMs. The thesis concludes with 

an epilogue in which possible future avenues of using these supramolecular 

components are explored and concepts to develop and analyze systems that are 

outside the major scope of this thesis are discussed. One avenue explores the 

possibility of using FluidFM to study cell adhesion forces on supramolecular surfaces, 

second avenue investigates the possibility of introducing supramolecular functionality 

to viral protein cages and a final avenue tests the possibility of using an aggregation-

induced-emission system for labelling bacteria.  
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Chapter 2  

A multivalent aromatic amino acid based peptide tag for 

supramolecular protein immobilization on β-cyclodextrin 

modified surfaces 

The immobilization of proteins on surfaces has gained major focus in the past decade due 

to its implication in application oriented and fundamental research. Microarrays, 

biosensors, implant coatings and drug delivery systems are examples of few applications 

for which protein immobilization on various types of surfaces has been explored. 

Surpamolecular host-guest systems have recently been explored to expand upon the 

versatility of such surfaces. Since binding occurs non-covalently in such systems, proteins 

can be immobilized in a dynamic, reversible and possibly even responsive manner. In this 

chapter, we have explored the possibility of developing a peptide tag that can be fused 

with proteins and enable them to bind β-cyclodextrin (β-CD) modified surfaces. The tag, 

named Y4, consists of 4 weakly binding tyrosine residues appropriately spaced with 

glycine and serine residues (SGGYGGS)4 to enable multivalent binding onto β-CD molecular 

printboards. We show that the peptide tag binds with an appreciable overall affinity of 

14.6 µM, 3 orders better than the known monovalent affinity between tyrosine and β-CD 

(~10 mM). The tag was also recombinantly fused to the C terminal of a red fluorescent 

protein, TagRFP. The binding properties of this fusion protein, termed RFP-Y4, were 

probed using surface plasmon resonance (SPR), continuous flow microspotting and using 

β-CD silica nanoparticles. It was found that the Y4 tag improves the adhesion of RFP 

towards β-CD modified surfaces under conditions where non-specific adhesion is 

suppressed. 
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2.1. Introduction  

The possibility to immobilize active proteins on various types of surfaces has 

spearheaded the development of protein biochips,1,2 novel biosensors,3 nanoparticle 

based purification,4 delivery5 and detection techniques,4,6 etc. Various strategies have 

been employed to immobilize proteins either covalently or reversibly, ordered or 

randomly oriented and tightly or loosely packed depending upon the application.1,2 

Non-specific, randomly oriented protein immobilization can be achieved by modifying 

surfaces with chemical groups that either cause physisorption of proteins or 

chemisorption by reacting with amino acid side groups on proteins such as amines, 

carboxyls and thiols.1,2 In most applications, specific and oriented adhesion is preferred 

and can be achieved by either chemically or genetically functionalizing the target 

protein with a motif that can bind to a modified surface. For example, biotin-

functionalized proteins can bind avidin-modified surfaces7 and His-tagged proteins can 

bind Ni-NTA modified surfaces.8 Additionally, to expand upon the applicability of such 

immobilized proteins, strategies to impart properties such as dynamism and 

responsiveness are being explored using supramolecular host-guest systems.9 

Supramolecular chemistry deals with molecular components that interact through non-

covalent forces. Supramolecular hosts such as crown ethers, calixarenes, cucurbiturils 

and cyclodextrins are usually macrocyclic molecules with cavities within which guest 

molecules with specific properties can bind. By careful selection of appropriate hosts 

and guests, various types of supramolecular architectures, like self-assembled 

monolayers, nanoparticles, vesicles and hydrogels, have been constructed.10 Since host-

guest interactions are very similar to protein-ligand interactions, such architectures are 

currently being used to address issues in biological systems.  

Amongst these, β-cyclodextrin (β-CD) is one of the most extensively explored hosts for 

the construction of various biologically relevant supramolecular systems.11–13 It is a 

hollow truncated cone shaped molecule consisting of seven (α-1,4)-linked α-D-

glucopyranose units. It has a hydrophilic outer surface and a relatively hydrophobic 

cavity within which certain hydrophobic guest molecules can bind, for example 

ferrocene, adamantane, azobenzene and aromatic amino acids.14 The hydroxyl groups 

along the rims of β-CD have been chemically modified to harbor various different types 

of functional groups. The functionalization of the narrow rim with long chain alkyl thio-

ethers has been shown to enable the self-assembly of β-CD into tightly packed 

monolayers on gold surfaces. These monolayers have been widely used as molecular 

printboards for application-oriented and fundamental studies.15–21 Various other 
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functionalities have also been used to enable β-CD to be immobilized on other types of 

surfaces such as glass,22 silver23 and graphene.24 Such surfaces have been used for the 

capture and detection of various biological entities. Variations of β-CD have also been 

used with nanoparticles, polymers and vesicles indicating the extensive versatility of 

these host molecules.14  

The usage of β-CD molecular printboards for protein adhesion has been explored and 

described previously.15–17,20 Early attempts utilized avidin-biotin15–17 or Ni-NTA17 as an 

intermediary layer to which biotin-labeled or His-tagged proteins were able to adhere 

respectively. Gonzalez-Campo et al. further showed that biotinylated alkaline 

phosphatase immobilized on β-CD surfaces through an intermediary streptavidin-biotin 

layer still exhibits appreciable enzymatic activity.20 A direct approach for site-specifically 

immobilizing proteins onto β-CD monolayers was explored by Yang et al.21 A yellow 

fluorescent protein was labeled with ferrocene (YFP-Fc), which allowed the protein to 

specifically bind β-CD in an oriented manner and also enabled the controlled release of 

the protein from the surface by electrochemical reduction of ferrocene. They also 

showed that dimerized versions of the YFP-Fc, which were able to bind the β-CD 

monolayers through two ferrocene groups simultaneously, had a higher affinity 

compared to monovalently binding monomeric YFP-Fc. However this technique still 

requires chemical modification and purification of the proteins. A favorable 

modification to the system would be to identify the possibility of immobilizing proteins 

without the requirement of chemically modifying them. Among the numerous 

hydrophobic molecules which bind to β-CD, the aromatic amino acids such as tyrosine, 

show very weak binding with dissociation constant of ca. 1-100 mM.25,26 Peptide tags 

with multiple copies of theses aromatic amino acids could potentially adhere in a 

multivalent manner with β-CD-modified surfaces. Such a tag could be genetically fused 

with any protein of interest and recombinantly produced using a bacterial expression 

system. These engineered proteins could then bind β-CD-modified surfaces directly 

from bacterial cell lysates.  

In this chapter, we have tested the possibility of developing a peptide tag containing four 

tyrosine residues (Y4) appropriately spaced to be able to adhere to β-CD monolayers in 

a multivalent manner. Tyrosine has been shown to bind β-CD in a monovalent manner 

with a very low affinity. We first showed that our peptide tag adheres to β-CD 

molecular printboards with a significantly higher affinity. The peptide tag was then 

fused to the C-terminal of a red fluorescent protein (RFP). The binding of such a fusion 

protein was then studied on β-CD monolayers on gold, glass and silica nanoparticles. 

Improved binding of the peptide tag-fused RFP was observed in all cases and 
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possibilities of protein separation from cell lysates was also tested. The general 

schematic is presented in Figure 2.1. 

 

Figure 2.1. RFP is fused with the multivalent peptide tag, Y4, using recombinant techniques and the 

adhesion of this fusion protein (RFP-Y4) has been studied on β-CD monolayers.  

2.2. Results and Discussions 

2.2.1. Peptide tag 

Tyrosine containing peptides have been shown to weakly bind β-CD with low millimolar 

affinities (Kd ~10 mM).27 A peptide tag with multiple tyrosine residues could be 

expected to bind tightly-packed β-CD SAMs with an appreciable affinity due to 

multivalent interactions. In β-CD molecular printboards on gold, the center-to-center 

spacing of adjacent β-CD cavities was previously found to be 2.1 nm. Hence, a peptide 

with the structural motif Ac(SGGYGGS)4, denoted as Y4 from now, was synthesized 

with about 2.7 nm maximum separation between adjacent Y residues. This distance 

between adjacent Y residues permits their binding with β-CD receptors in the SAMs as 

shown in the schematic illustration of the molecular structures of the Y4 peptide and β-

CD SAM (Figure 2.2a). 
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The affinity between the Y4 peptide tag and β-CD SAMs on gold was determined by a 

surface plasmon resonance (SPR) titration experiment. Different concentrations of 

buffered solutions of the Y4 peptide were flowed over the β-CD SAM surface. Adhesion 

of the Y4 peptide to the surface results in a change in the coupling angle directly 

proportional to the surface coverage of the guest. As shown in Figure 2.2b, various 

concentrations of the Y4 peptide were flowed through the SPR fluidic chamber and the 

change in coupling angle was recorded. After each concentration, the surfaces were re-

generated for a next injection by washing off the peptides using a 5 mM β-CD solution. 

Plotting the maximum change in coupling angle against the corresponding 

concentration of the Y4 peptide provided a binding curve as shown in Figure 2.2c. This 

was fitted with the Langmuir equation, which provided a dissociation constant of 14.6 

µM. Thus the overall binding affinity of the multivalent Y4 peptide tag was almost 3 

orders of magnitude better than the monovalent interaction of Y with β-CD (~10 mM). 

To ensure that the amino acids S and G do not give rise to non-specific interactions, the 

peptide Ac(SGGSGGS)5 was synthesized, where the Y residues were replaced by S 

residues. In this case five repeats of the sequence were included instead of four to 

ensure a slightly higher molecular weight (2.507 kDa) compared to the Y4 peptide 

(2.322 kDa). An SPR titration experiment similar to the one in Figure 2.3a was 

performed and it was found that only negligible responses were recorded at each 

concentration (Figure 2.2d). Even at the highest concentration of 300 µM, the overall 

change in coupling angle was less than what was observed with 2 µM of the Y4 

peptide. This result indicated that binding of the Y4 peptide occurred only due to the Y 

residue, and the spacers had a negligible contribution to the overall affinity of the 

peptide with the β-CD SAM.  
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Figure 2.2. a) Distance between the centres of tightly packed β-CD cavities compared to maximum 

distance between adjacent tyrosine residues in the Y4 peptide. b) SPR titration following the binding 

of different concentrations of the Y4 peptide on β-CD molecular printboards on gold. c) Maximum 

SPR responses plotted against corresponding Y4 concentrations and fitted with the Langmuir 

equation (solid line). d) Control SPR titration of (SGGSGGS)5 peptide on on β-CD molecular 

printboards on gold. 

2.2.2. Recombinant protein 

In order to analyse the effect of the Y4 peptide tag on the binding of proteins to β-CD 

SAMs, we genetically fused the tag to a red fluorescent protein, TagRFP. TagRFP is a 

monomeric fluorescent protein known for its fast maturation, remarkable brightness, 

prolonged fluorescence lifetime, reduced photobleaching and high pH stability.28 It is 

also known to be an ideal fluorescent protein for recombinant expression in E.coli, with 

other proteins or peptides genetically fused to it. So, we genetically fused the Y4 

peptide tag to the C-terminal of TagRFP. The genetic sequence of this fusion protein 

(RFP-Y4) was sequenced and found to be correct (see in Experimental section). The 
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fusion protein also had an N-terminal hexa-His tag, which, after expression in E. coli, 

was used to purify the protein using a nickel affinity column. As a control, unmodified 

wild-type TagRFP (RFP) was used. 

 2.2.3. SPR analysis 

SPR titrations were performed with different concentrations of RFP (red) and RFP-Y4 

(black) on β-CD molecular printboards (Figure 2.3a). RFP-Y4 produced significant SPR 

responses even at concentrations as low as 5 nM. At concentrations above 50 nM, RFP 

also produces significant SPR responses, though lower than the responses produced by 

RFP-Y4, indicating that non-specific adhesion occurred. This is probably due to the 

presence of other aromatic amino acids on its surface as shown in Figure 2.3b (blue = Y, 

green = F, yellow = W). In most studies so far, Tween-20 is used to supress these non-

specific interactions since it can mask the hydrophobic groups.29 However in our case, 

Tween-20 would also affect the binding strength of the Y4 tag and we wanted to 

observe the effect of the tag without any external disturbances. From these SPR 

response curves, the binding curve of Figure 2.3c was obtained by plotting the 

maximum response values against corresponding protein concentrations. By fitting 

these plots using a Langmuir equation, overall dissociation constants (Kd) were 

obtained. Non-specific adhesion of RFP seems to occur with a Kd value of 281 nM but 

RFP-Y4 has a dissociation constant that is 1 order lower (Kd  = 21 nM), clearly indicating 

that the presence of the Y4 tag improves the binding affinity of the protein with the β-

CD modified surface. Significant differences in surface adhesion are seen at very low 

concentrations below 20 nM as shown in Figure 2.3d.  At these concentrations, while 

RFP-Y4 binds to a considerable extent, nearly no binding of RFP was observed.  These 

results indicate that the Y4 tag improves the ability of protein binding on β-CD surfaces 

and strategies to reduce non-specific adhesion are required. 
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Figure 2.3. a) SPR titration response curves of RFP-Y4 (black) and RFP (red) on β-CD molecular 

printboards. b) 3D structures of TagRFP (180o rotated around Z-axis, PDB ID: 3T6H30 with aromatic 

amino acids highlighted (blue = Y, green = F, yellow = W). c) Binding curves of RFP-Y4 (black) and RFP 

(red) obtained by plotting maximum SPR responses against corresponding concentrations. Solid 

lines represent Langmuir equation (eq 2.1) fitting. d) SPR responses by RFP-Y4 (black) and RFP (red) 

at low concentrations <= 20 nM. 

2.2.4. Continuous flow micro-spotting 

To test conditions for selective adhesion of the RFP-Y4 on β-CD surfaces, continuous 

flow micro-spotting of the proteins was done on β-CD modified glass surfaces. RFP-Y4 

and RFP solutions at different concentrations were simultaneously flowed over 

separate spots on β-CD modified glass surfaces for an hour. After a brief wash with 

water, the spots were imaged using an epifluorescent microsope. When conditions 

were maintained similar to the SPR measurements, (without BSA), it was seen that 

both proteins adhere to the surface in a similar manner at all concentrations (Figure 

2.4a row 1). Next, 1% bovine serum albumin (BSA) was added to the protein solutions as 

a blocking agent in an attempt to reduce non-specific adhesion. When this was done, 
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even though the overall fluorescence intensities seemed to drop, clear differences in 

surface adhesion of the two proteins were observed as shown in Figure 2.4a, row 2. 

The fluorescent intensities of these spots were plotted against corresponding protein 

concentrations as shown in Figure 2.4b and the resulting sigmoidal curves were fitted 

with the Langmuir equation. The obtained Kd values indicate that the concentration at 

which half-maximal binding occurred was similar for both RFP-Y4 and RFP, but the 

amount of adhered RFP-Y4 was significantly higher than that of RFP even at 1000 nM. 

This indicated that non-specific adhesion could be reduced by optimizing solution 

parameters. To test the reversibility of this binding, the surfaces were first sonicated in 

PBS and then rinsed with PBS + Tween-20. PBS sonication did not seem to be able to 

remove the proteins from the surface however washing with PBS and Tween-20 almost 

all traces of the proteins. Due to the high affinity between the RFP-Y4 protein and the 

β-CD monolayer, even sonication with PBS was insufficient to remove it from the 

surface. However when Tween-20 was included in the buffer, it would have effectively 

masked the aromatic amino acids on the protein surface, preventing their binding to β-

CD. This further proves that surface adhesion occurred through hydrophobic 

interactions between the aromatic amino acids and the cavity of β-CD.   
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Figure 2.4. a) Fluorescent images of β-CD monolayers on glass spotted with different concentrations 

of RFP-Y4 and RFP either without or with BSA followed by two different wash procedures. b) 

Fluorescent intensities of the RFP-Y4 (black) and RFP (red) spots plotted against corresponding 

concentrations. Solid lines represent fitted curves using Langmuir equation. Data presented as mean 

± STD, n =2. 



Multivalent Y4 Tag Chapter 2 

 

 

 

41 

2.2.5. β-CD silica nanoparticles 

Next we tested the adsorption of the proteins onto silica nanoparticles covered with β-

CD (β-CD SiO2 NPs) (Figure 2.5a). After trying out various parameters such as 

nanoparticle concentration, incubation time, centrifugation speeds and washing 

procedure, a relatively optimized protocol was identified. In short, the proteins were 

incubated with 0.025% wt/vol β-CD SiO2 NPs for 30 mins then the NPs were separated 

by centrifugation, rinsed and finally resuspended in PBS. Fluorescence intensities of the 

NP solutions were determined from images obtained using an epifluorescent 

microsope (Figure 5b). We observed that at all concentrations, the RFP-Y4 

nanoparticles showed higher fluorescence intensities compared to the nanoparticles 

mixed with RFP (Figure 2.5b). As expected, non-specific adhesion increased with 

increasing concentration of RFP. On the contrary, beyond 100 nM, RFP-Y4 seemed to 

saturate. These trends are reflected in the RFP-Y4:RFP fluorescence intensity ratios, 

where higher ratios are seen at 25 nM and 50 nM concentrations. We then tested the 

possibility of using such nanoparticles to isolate RFP-Y4 from the presence of cell lysate 

proteins. Different concentrations of RFP and RFP-Y4 were mixed with solutions of 

freshly prepared cell lysate protein solutions and nanoparticles were added and 

isolated as already explained (Figure 2.5c). At the lowest concentration of 25 nM, the 

binding of RFP and RFP-Y4 seemed to be almost completely blocked. Interestingly, at 

50 nM a transition was seen where significant adhesion of RFP-Y4 occurred while non-

specific adhesion of RFP was considerably reduced as can be seen from the RFP-Y4:RFP 

ratio. Above 50 nM, the amount of RFP and RFP-Y4 bound to the nanoparticles seemed 

to increase with increasing concentrations even though at least twice as much RFP-Y4 

seemed to be bound compared to RFP. These results indicate that such a peptide tag 

could potentially be used to isolate recombinant proteins from cell lysates. However 

further investigations are required to optimize the selectivity for example by adding 

BSA, Tween-20, changing buffer properties, varying nanoparticle concentrations etc.  



Chapter 2 
Multivalent Y4 Tag 

 

42 

 

 

Figure 2.5. a) General schematic of RFP-Y4 binding β-CD SiO2 NPs. Column plots of fluorescence 

intensities of RFP-Y4 (black) and RFP (red) bound to β-CD SiO2 NPs b) without cell lysate and c) with 

cell lysate. Representative fluorescent images and RFP-Y4:RFP fluorescence intensity ratios 

corresponding to each sample are provided within the plots. Width of the fluorescent images 

correspond to 200 µm. Data is presented as mean ± STE, n =4. 

2.3. Conclusion  

In summary, we were able to validate with SPR, continuous flow microspotting and 

using NPs that the Y4 tag improves the binding of RFP to β-CD surfaces. One major 

hurdle faced was non-specific adhesion of RFP, which has been partially addressed by 

identifying that at low concentrations non-specific adhesion were considerably reduced 

and also that BSA can be used as a blocking agent. Further work needs to be done to 

optimize the selectivity of the systems. Longer tags with more SGGYGGS repeats (Y5, 

Y6.. etc.) might help improve the system by allowing much higher specific binding at 

very low concentrations. Buffer properties, detergents such as Tween-20, blocking 
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agents such as BSA, pH and temperature effects also need to be extensively studied to 

determine the best conditions for specific adhesion. Once these parameters are 

optimized, such a tag could potentially be used for protein purification, dynamic 

presentation on surfaces, drug delivery, etc. 
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2.5. Experimental Section 

Equipment. Polymerase Chain Reaction (PCR) was performed using a Peqlab Primus 25 

advanced thermocycler. Fast Protein Liquid Chromatography (FPLC) was performed 

using ÄKTApurifier (GE Healthcare Life Sciences) in combination with a Frac-950 

fractionation collector (GE Healthcare Life Sciences). The used column was a Superdex 

75 10/300GL (GE Healthcare Life Sciences) and had a separation range for molecules 

with molecular weights between 3000 and 70000 Da. UV-Vis measurements to 

determine DNA and protein concentrations were performed using a Thermo Scientific 

Nanodrop 1000. Surface plasmon resonance (SPR) experiments were conducted using 

50 nm SPR gold substrates from Ssens bv on a Resonant-probes SPR. The reflectivity 

was measured at fixed angle at which point the linear region of the SPR curve stopped. 

Surface adhesion measurements were carried out under conditions of constant flow 

(100 µL/min) using a pH 7.4 buffer of PBS. An Olympus microscope 1X71 with filters 

were used for recording fluorescent images. Continuous flow microspotting was 

performed with a 48 channel PDMS CFM device from Wasatch microfluidics LLC. 

Spotting was performed at 150 µL/min back and forth flow for an hour. 

Peptide synthesis. The Ac(SGGYGGS)4 and Ac(SGGSGGS)5 peptides were synthesized 

with solid phase peptide synthesis using Fmoc-Rink Amide MBHA resin, following 

standard Fmoc protocols. Purification of the peptides were done with reversed phase 

HPLC. Preparative column (Waters 2535 quaternary gradient module with XBridgeTM 

prep C18 5µm OPDTM 19 X 250 mm preparative column) with eluents 0.1 % aqueous TFA 

and 0.1 % TFA in acetonitrile to purify the crude peptides. Extent of purification was 

checked using an analytical HPLC (Waters 2535 quaternary gradient module XBridge 

C18 5 µm column with 4.6 X 250 mm dimensions). Same eluents as that of preparative 
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HPLC were used. HPLC retention times were observed following analytical HPLC with a 

solvent gradient of 0-90% acetonitrile over 90 min timescale. Mass of purified peaks 

were determined using LC-MS (Waters 2535 module coupled to micromass LCT). The 

quality of the peptides were checked by analytical HPLC and ESI Mass spectra.  

Peptide Ac(SGGYGGS)4 was synthesized and purified, with a yield of 28 mg, 12%. ESI 

mass spectra of peptide Ac(SGGYGGS)4 confirmed the successful synthesis of the 

peptide. Chemical Formula: C94H129N29O41, MW: 2319.89 g/mol. [M+2H+]/2: calculated: 

1161.0; found: 1161.3; [M+3H+]/3: calculated: 773.3; found: 774.1. The analytical HPLC 

showed a single peak, indicating product of high purity. 

Peptide Ac(SGGSGGS)5 was synthesized and purified, with a yield of 6%. ESI mass 

spectra of peptide Ac(SGGSGGS)5 confirmed the successful synthesis of the peptide. 

Chemical Formula: C87H140N36O51, Exact mass: 2504.95 g/mol. [M+Na++H+]/2: calculated 

1264.5, found: 1264.2; [M+2H+]/2: calculated: 1253.5, found: 1253.1. The analytical HPLC 

showed a single peak, indicating product of high purity. 

Molecular cloning of RFP-Y4. pRSETB TagRFP vector was obtained from Dorothee 

Wasserberg. ssDNA sequences corresponding to the Y4 peptide and primers to extend 

the N and C termini with the restriction sites 5’-EcoRI and 3’-HindIII were ordered from 

Eurofins MWG Operon, Germany. Amplification of the extended genetic construct was 

performed by PCR using pfu polymerase. The final genetic construct was digested with 

appropriate restriction enzymes and inserted it at the 3’ end of the TagRFP sequence in 

the plasmid using T4 DNA ligase (New England Biolabs inc.). The resulting pRESETB 

TagRFP-Y4 plasmid was transformed into NovaBlue ultracompetent cells (Novagen) 

and grown overnight on LB agar plates containing 100 mg/L ampicillin. Plasmids were 

extracted from individual colonies using Qiagen spin miniprep kit and the sequenced by 

Eurofins MWG Operon, Germany using a standard T7 terminal reverse primer. The 

plasmid was then transformed into the expression host, BL21DE3 pLysS competent 

cells (Novagen) and grown overnight on LB agar plates containing 34 mg/L 

chloramphenicol and 100mg/L ampicillin. Individual colonies were grown in LB media 

containing the mentioned antibiotics. For long term storage, 15%-glycerol bacterial 

stocks were made and placed at -80oC.  
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RFP-Y4 DNA sequence: 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGG

GTCGGGATCTGTACGACGATGACGATAAGGATCCGATGAGCGAGCTGATTAAGGAGAACATG

CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGC

GAAGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCT

CCCCTTCGCCTTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCAC

ACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCA

CCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCC

TCATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGA

AAACACTCGGCTGGGAGGCCAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCA

GAAGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTCAAGACCACAT

ACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGAC

TGGAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCC

AGATACTGCGACCTCCCTAGCAAACTGGGGCACAAGGAATTCAGCGGAGGATATGGAGGAAG

CAGCGGAGGATATGGAGGAAGCAGCGGAGGATATGGAGGAAGCAGCGGAGGATATGGAGGA

AGCgAAGCTTGA 

RFP-Y4 protein sequence: 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPMSELIKENMHMKLYMEGTVNNHHFK

CTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFINHTQGIPDFFKQSFPEGFTWE

RVTTYEDGGVLTATQDTSLQDGCLIYNVKIRGVNFPSNGPVMQKKTLGWEANTEMLYPADGGL

EGRSDMALKLVGGGHLICNFKTTYRSKKPAKNLKMPGVYYVDHRLERIKEADKETYVEQHEVAV

ARYCDLPSKLGHKEFSGGYGGSSGGYGGSSGGYGGSSGGYGGSEA 

Blue = Hexa-His Tag 

Red = TagRFP 

Orange = Y4 peptide tag 

Expression and purification of RFP and RFP-Y4. 5 ml bacterial starter cultures were 

grown overnight from glycerol stocks at 37oC with shaking in LB media containing 

appropriate antibiotics. This was then transferred into 1L of the same media and the 

cultures were grown till they attained O.D.600nm values between 0.4 and 0.8. Protein 

expression was then induced using isopropyl-ß-D-1-thiogalactopyranoside (IPTG) at a 

final concentration of 0.1 mM. These cultures were grown overnight at 18oC with 

shaking. The cultures were then spun down at 6000 rcf for 10 mins at 4oC and 

supernatants were discarded. Bacterial pellets were resuspended in 10mL BugBuster 

protein extraction reagent (Novagen) with 10 µL Benzonase (30 U/µL, Novagen) and 
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gently shaken for 20 mins at 25oC. The proteins were then purified using His-Select© 

Nickel affinity columns  (Sigma Aldrich) into an elution buffer of 50 mM NaH2PO2 300 

mM NaCl 250 mM imidazole pH8. The purified TFP-fused knottins were then rebuffered 

into pH 7.4 phosphate buffered saline (PBS, Sigma Aldrich) using 10 kDa-cutoff 

centrifugal filter units (Amicon Ultra). Concentrations of RFP and RFP-Y4 were 

determined from the absorbance value at 555 nm and an extinction coefficient of 

100,000 M-1cm-1.  

Monolayers on gold substrates for SPR. Synthesis of heptakis {6-O-[12-

(thiododecyl)dodecanoyl)]-2,3-di-O-methyl}-β-cyclodextrin (β-CD heptathioether) was 

done as reported previously.31 Standard 50 nm gold coated SPR sensors from from 

Ssens bv were cleaned by immersing them in piranha (1:3 mixture of concentrated 

H2SO4 and 30% H2O2 ) for 15 s. (Warning: piranha should be handled with caution; it can 

detonate unexpectedly). After thorough rinsing with MilliQ water, they were placed in 

absolute ethanol for 10 min. The substrates were subsequently placed in a freshly 

prepared 0.1 mM solution of β -CD heptathioether in EtOH and CHCl3 (1:2 v/v) for 16 h at 

60oC. The substrates were then rinsed with CHCl3, EtOH and MilliQ water.   

Monolayers on glass substrates. The glass substrates were cleaned and activated by 

immersing in piranha for 30 mins followed by washing with water, ethanol and 

thorough drying. The surface was then functionalized with N-[3-

(trimethoxysilyl)propyl]ethylenediamine (TPEDA) by overnight chemical vapor 

deposition using a vacuum desiccator. The substrates were then thoroughly cleaned 

using ethanol and toluene after which it was incubated in a 1mM solution of 1,4-

phenylene di-isothiocyanate (ITC) in dry toluene for 2 hr at 500C. The substrates were 

then washed thoroughly with toluene, ethanol and water and finally incubated with a 

1mM solution of per-6-amino-β-cyclodextrin (synthesized as reported previously32) in 

MilliQ water for 2 hr at 500C. The substrates were finally washed thoroughly with water, 

dried and stored in N2 atmosphere until use. 

β-CD Silica Nanoparticles. β-CD silica nanoparticles were provided by Carlo Nicosia and 

were synthesized as described previously.33 The nanoparticles were determined to 

have a mean diameter of 68 ± 16 nm by DLS (data not shown). A stock solution of 0.2% 

wt/vol was prepared in carbonate buffer corresponding to 1012 particles/mL (8.6 x 10-9 

M). Assuming β-CD surface density similar to known values on glass (~2.5 x 10-11 mol cm-

2),32 the number of β-CD molecules per particle can be calculated as ~2500, resulting in 

the stock solution containing a β-CD concentration of ~21 µM. For the experiments with 

RFP-Y4 and RFP, a final concentration of 0.05% wt/vol (~4.3 µM) was used after 

resuspension in PBS buffer. 100 µL of this nanoparticle solution was mixed with 100 µL 
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of appropriate protein solution and incubated at 200C for 30 mins with 250 rpm 

shaking. This was then spun down at 14,500 rpm for 5 mins in an Eppendorf minispin 

microcentrifuge. The supernatant was discarded and the nanoparticles were rinsed 

once in 500 µL PBS and spun down again. The supernatant was then discarded and the 

nanoparticles were then finally resuspended in 200 µL PBS.  

Bacterial Cell Lysates. BL21DE3 cells harbouring the pRSETB TagRFP-Y4 plasmid were 

cultured overnight in LB Cam+ Amp+ medium without inducing TagRFP-Y4 production. 

The cells were then lysed using BugBuster protein extraction reagent (Novagen) with 

10 µL Benzonase (30 U/µL, Novagen) and gently shaken for 20 mins at 25oC. The 

resulting lysate was then spun down at 15,000 g for 30 mins and the supernatant was 

collected. This contains all the cell lysate proteins without other cellular debris. These 

proteins were rebuffered into PBS using 3 kDa-cutoff centrifugal filter units (Amicon 

Ultra). This solution of cell lysate proteins was then mixed with appropriate 

concentrations of RFP and RFP-Y4 for corresponding experiments. 
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(2015) Supramolecular surface immobilization of knottin derivatives for dynamic 
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Chapter 3  

Supramolecular surface immobilization of knottin derivatives 

for dynamic display of high affinity binders 

Knottins are known as a robust and versatile class of miniprotein scaffolds for the 

presentation of high-affinity binding peptides, however up to date their application in 

biomaterials, biological coatings and on surfaces has not been explored. We have 

developed a strategy to recombinantly synthesize a β-trypsin inhibitory knottin with 

supramolecular guest tags that enable it to adhere to self-assembled monolayers of the 

supramolecular host cucurbit[8]uril (CB[8]). We have described a strategy to easily 

express knottins in E. coli by conjugating them to a fluorescent protein after which they 

are cleaved and purified. Various knottin constructs that varied in the number and 

position of the supramolecular tag at either the N- or C-termini or at both ends have been 

verified for their trypsin inhibitory function and CB[8]-binding properties in solution and 

on surfaces. All the knottin constructs showed strong inhibition of trypsin with inhibition 

constants between 10-30 nM. Using microscale thermophoresis, we determined that the 

supramolecular guest tags on the knottins bind CB[8] with a Kd of ~6 µM in solution. At 

the surface strong divalent binding has been determined with a Kd of 0.75 µM in the case 

of the knottin with two supramolecular guest tags whereas only weak monovalent 

binding occurred when only one guest tag was present. We also showed successful 

supramolecular surface immobilization of the knottin using CB[8] and proved that they 

can be used to immobilize β-trypsin at the surface. 
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3.1. Introduction  

Knottins are a very interesting class of miniproteins since their cystine-stabilized knot 

structure not only confers upon them very high thermal stability and resistance against 

proteolytic enzymes but also allows for extensive modification of the peptide 

sequences on their loops.1 Apart from the disulfide-bridge forming cysteines and a few 

other stabilizing amino acids, the residues on the loops can almost be completely 

changed.2 Taking advantage of these properties, nature has produced hundreds of 

knottins with very high activities as protease inhibitors, neurotoxins in spider and 

scorpion venom, insecticides from plants and antimicrobial agents as can be seen in the 

open access online knottin database.3,4 Several of these naturally occurring knottins 

have also been tested as possible analgesics, anti-malarials and pesticides.5 

The potential of these simple proteins as stable molecular scaffolds has promoted their 

extensive usage in phage and bacterial display systems to identify high affinity binding 

peptides for various target proteins related to growth factors, cancer, HIV and in-vivo 

imaging.6 These display techniques, combined with the fact that their small size enables 

them to be chemically synthesized, have hailed these molecules as potential 

substitutes for antibodies.7,8 Daugherty and co-workers have successfully developed a 

simple bacterial display system by which they were able to determine high affinity 

binding knottins towards thrombin and neuropilin.9,10 Chiche et al. have developed a 

truncated form of the knottin EETI-II, called Min-23, with which they were able to 

identify high affinity binders for various target proteins.11,12 Similarly, phage display 

systems have been used to identify modified Min-23 miniproteins that were able to 

bind growth factors such as VEGF.13,14 Cochran and coworkers through rational design 

strategies, developed knottins containing RGD with flanking residues that were able to 

bind different integrins with different levels of affinity.15,16 Further, to expand upon the 

functionality of the exposed groups, strategies have been developed to chemically 

conjugate various synthetic molecules and non-natural amino acids.17,18 Such constructs 

have been successfully shown as effective imaging agents using conjugated fluorescent 

dyes and radiofluorinated compounds.19,20   

Due to such possibilities of effectively displaying a wide variety of peptide sequences 

made of either natural or non-natural amino acids, these miniprotein scaffolds are 

excellent candidates for fabricating highly stable bioactive surfaces and materials for 

research, biosensors and even implants. Their loop-structure would also ensure better 

solvent-exposure of the incorporated peptide sequences and their size (3 - 5 kDa) 

allows for tighter, oriented packing than antibodies and nanobodies.21 Since they 
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contain only about 30 amino acids that fold into a tight cage-like structure, non-specific 

interactions with surfaces and proteins are also substantially reduced compared to 

larger constructs. However, so far, there are no studies attempting to fabricate 

biofunctional surfaces using knottins.  

Several strategies have been explored to incorporate various other functional 

molecules at surfaces, for example, using self-assembled monolayers (SAMs), 

polymers, nanoparticles, lipid bilayers etc.22,23 Furthermore, supramolecular chemistry 

has enabled the introduction of dynamics and responsiveness in these functional 

surfaces.24,25 These platforms are also developing as powerful tools for studying 

complex biological processes such as cellular adhesion, migration, cell-cell interactions 

etc.26 In particular, synthetic host-guest systems have recently been vigorously 

explored for these purposes due to their similarity with protein-protein interactions 

found in nature.27 By careful design of the host-guest components, spatial and 

temporal control of the interactions can be introduced.28,29 Stupp and coworkers have 

been able to create a matrix, using alginate and β-cyclodextrin, with controllable cell-

adhesion properties by competitive exchange of functionalized guest molecules.30 We 

had previously developed a supramolecular platform for the photo-responsive display 

of bioactive ligands using azobenzene glycoconjugates and β-cyclodextrin SAMs.31 We 

were also able to develop a supramolecularly addressable bacterial strain and 

incorporate it as a living component with SAMs bearing cucurbit[8]uril (CB[8]) host 

molecules.32  In order to accomplish this, we genetically modified one loop of a Min-23 

miniprotein to carry a CB[8]-binding motif. This was then linked to a transmembrane 

protein so that it would get displayed on the bacterial surface. The bacterial display 

system clearly showed specific binding towards CB[8], causing aggregation of bacteria 

in solution through multivalent interactions and allowing the adhesion of bacterial cells 

onto CB[8] SAMs while still retaining their motility. This study highlighted the potential 

of developing knottins with supramolecular functionalities.   

In the last decade there has been a keen interest in exploring the possibility of applying 

the CB[n] family of host molecules for biomedical applications. CB[n]s are hollow 

pumpkin shaped macrocyclic molecules made of glycouril monomer units.33 They have 

a hydrophobic cavity and polar rims lined with ureido-carbonyl oxygens allowing them 

to bind a variety of aromatic cations with micromolar affinities.34,35 Among the CB[n] 

family members, CB[8] happens to be especially interesting since the cavity is large 

enough to simultaneously encapsulate two aromatic guest molecules.36 This enables 

the possibility to construct e.g. dual responsive nanoparticle systems when two 

different guest molecules that are affected by different external stimuli are included in 
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the cavity.37 We and others have developed strategies to assemble CB[8] on 

biologically relevant surfaces.29,38,39 Furthermore, we have also demonstrated the 

ability to dynamically display bioactive ligands for cell adhesion and triggered release 

using electrochemical stimuli.29,40 These studies indicate the potential of CB[8] for 

developing highly dynamic and responsive smart surfaces for biomedical applications 

and research.  

Here, we have explored the possibility of constructing knottins that can be specifically 

immobilized on CB[8] monolayers and still bind their target protein (Figure 3.1a). A 

strategy was developed to recombinantly synthesize a β-trypsin inhibitor knottin with 

supramolecular guest tags that enable it to adhere to SAMs of CB[8]. The peptide 

sequence “GGWGG” has been shown to bind CB[8] with low micromolar affinities41 and 

we designed four different knottin constructs (K) bearing this motif at either the N-

terminus (K1N), C-terminus (K1C), both termini (K2) or none (K0) (Figure 3.1b). In the 

cases of K1N, K1C and K0, the termini without the GGWGG motif have GGGGG motifs 

instead. First, we describe a strategy to easily express these knottins in E. coli by 

conjugating them to a fluorescent protein after which it is cleaved and purified. These 

knottins were proven to be functional using a trypsin inhibitor assay and their CB[8]-

binding characteristics in solution were compared. We also tested supramolecular 

surface immobilization of these knottin using CB[8] and proved that even at the 

surface, these miniproteins show functionality. For the first time, the binding of a 

functional bivalent guest molecule (K2) has been studied in comparison to monovalent 

guests (K1C/N) on such ternary complex based SAMs. The bivalent guest had a higher 

binding affinity and was the only one with which trypsin was clearly immobilized on the 

supramolecular surface. 
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Figure 3.1. a) Schematic depicting the supramolecular surface immobilization of a genetically 

modified functional β-trypsin inhibitor knottin onto a CB[8]-presenting SAM on gold. b) Depictions 

of the four different CB[8]-binding knottin constructs used in this study. The presence of tryptophan 

(W) in the CB[8]-binding motif (red) has been represented by its indole side chain. 

3.2. Results and Discussions 

3.2.1. Design and recombinant synthesis of knottins 

As shown in Figure 3.2a, we developed a modified strategy to express and purify our 

knottin constructs. Due to their multiple cysteines and poor solubility during expression 

in E. coli, knottins are usually formed in inclusion bodies from which they must be 

solubilized, denatured and refolded. Kolmar and co-workers developed a strategy to 

circumvent this problem by fusing the knottin to barnase, which improved solubility 

and caused it to be secreted into the periplasm where disulfides form more easily in an 

oxidative environment.42 Based on these concepts, we devised a modified strategy to 

further improve the solubility and folding of our knottin constructs. Solubility was 

improved by genetically fusing the knottins to the C terminal of a His6-tagged teal 

fluorescent protein (TFP) with a linker containing an enterokinase cleavage site 

(DDDDK). Furthermore, TFP was chosen since it allowed us to visualize the protein and 

perform fluorescence based analysis. Disulfide bond formation was improved (as 
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shown by Ellman’s reagent) by expressing these constructs in Rosetta Gami 2 E. coli 

cells, a specially engineered commercially available strain in which certain 

thioreductases are mutated. These fusion proteins were purified using Ni-NTA affinity 

columns and characterized using SDS-PAGE (Figure 3.7, see in Experimental section) 

and size-exclusion FPLC (Figure 3.2b (K2) and Figure S3.2a (K0, K1N, K1C, K2, in Section 

3.7, Supporting information). We were able to obtain an average of 34 mg of these 

fusion proteins (~4.7 mg knottin) from 1 L of bacterial culture. Next, enterokinase was 

used to cleave the knottin from the TFP (Figure 3.2c). As expected, the absorbance at λ 

= 280 nm varied for each construct, depending on the number of tryptophan residues 

present, K2 showing the highest and K0 showing the least (Figure 3.8a, see in 

Experimental section). Surprisingly, each knottin construct eluted at different volumes 

during the size exclusion chromatography even though their sizes are not considerably 

different (Figure 3.8a, see in Experimental section). K2 eluted at 16 mL, K1N and K1C at 

15 mL and K0 at 14 mL indicating that the secondary structure of K2 was the smallest 

followed by K1N and K1C and K0 was the bulkiest. This was a counter-intuitive outcome 

since the molecular weights of these constructs, verified by MALDI-TOF analysis (Figure 

3.8b, see in Experimental section), followed the trend of K2>K1N=K1C>K0 due to the 

presence of the tryptophan residues. The most likely explanation for this behavior is 

that the indole side chains of tryptophan, being hydrophobic, fold into the hydrophobic 

core of the knottin causing these constructs to be more compact. Due to the 

considerable difference in size between the knottins (~4.8 kDa) and the His6-tagged 

TFP (~27 kDa) (Figure 3.2c), they were separated using a centrifugal filter unit with a 10 

kDa cut-off. Smaller impurities were removed using a centrifugal filter unit with a 3 kDa 

cut-off. Knottins purified in this manner were analyzed by FPLC (Figure 3.2d) and 

MALDI-TOF (Figure 3.8b, see in Experimental section) and indicated a lack of free thiols 

(Ellman’s reagent). The enterokinase cleavage and purification steps resulted in nearly 

a 70% yield of pure knottin providing us with an average of 3.2 mg purified knottins per 

1 L of bacterial culture, which is comparable to yields reported by Kolmar and co-

workers,42 yet, production and cleavage was easier by the presence of TFP while the 

TFP-fused knottins can be used for subsequent detailed fluorescent based binding 

studies. 
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Figure 3.2.  (a) Schematic representation of the steps involved in synthesizing and purifying the 

knottin constructs. Size exclusion FPLC traces of b) the recombinantly synthesized fusion protein 

(K2-TFP), c) the protein mixture (K2 and TFP) after enterokinase cleavage and d) K2 knottin purified 

using centrifugal filter units. 

3.2.2. Evaluating trypsin inhibitory functionality of knottin constructs 

To ensure that our purified knottin constructs were still functional, we performed a 

trypsin inhibitor assay (Figure 3.3). For this purpose, we followed the cleavage of Nα-

benzoyl-L-arginine ethyl ester (BAEE) by measuring the emerging absorbance at λ = 260 

nm over time. This molecule gets cleaved by β-trypsin as shown in Figure 3.3a and the 

product has a red-shifted absorbance peak at 253 nm wavelength. It was clearly seen 

that the rate of cleavage reduced in the presence of the knottins. Since our knottins are 

known to inhibit β-trypsin by blocking its active site,43 competitive inhibition kinetics 

would be expected where inhibited reactions have the same Vmax value as the 

uninhibited reactions but a lower Km value. However, fitting all plots with the Michaelis-

Menten equation (eq 3.1) revealed that the presence of knottins caused a considerable 

drop in both the Vmax and Km values (Table 3.1, see in Experimental section).  

𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
   eq 3.1 

where v is the reaction rate (s-1), Vmax is the maximum reaction rate (s-1), [S] is the BAEE 

concentration (M) and Km is the Miachelis constant (M), the concentration of BAEE 

where the reaction rate is half of Vmax. 
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This effect could correspond to non-competitive inhibition or irreversible inhibition. 

Non-competitive inhibition is highly unlikely since the knottins are known to bind and 

block the active site of β-trypsin. Also, since the inhibition occurs at much lower 

inhibitor concentrations than that of BAEE, high binding strength is expected, 

suggesting irreversible inhibition. However, in case of irreversible inhibition kinetics, it 

is known that Vmax of the inhibited reaction drops compared to the uninhibited reaction 

but Km stays the same. This indicated that the high binding affinity of these knottins 

must have resulted in pseudo-irreversible inhibition kinetics. Consequently, apparent 

inhibitor constants were determined with the following formula (eq 3.2), which 

describes the case of competitive tight binding inhibitors:42,44 

𝑉𝑖

𝑉0
= 1 − 

[𝐸𝑇]+[𝐼𝑇]+𝐾𝑖𝑎𝑝𝑝−{([𝐸𝑇]+[𝐼𝑇]+𝐾𝑖𝑎𝑝𝑝)
2

−4[𝐸𝑇][𝐼𝑇]}1/2

2[𝐸𝑇]
  eq 3.2 

where Vi and V0 are the Vmax values of the inhibited and uninhibited reactions 

respectively, [ET] is the total concentration of β-trypsin, [IT] is the total knottin 

concentration and Kiapp is the apparent dissociation constant of the enzyme-inhibitor 

complex. This analysis provided Kiapp values in the low nanomolar range, similar to 

values obtained by Kolmar and co-workers for recombinantly produced β-trypsin-

inhibitor knottins.42 Interestingly, the cleaved knottins showed a modest improvement 

in Kiapp values (~10 nM) compared to the TFP-fused knottins (~26 nM) presumably due 

to reasons of steric hindrance. These results indicated that all four knottin constructs 

exhibited significant trypsin inhibitory functionality. 
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Figure 3.3. a) β-trypsin enzymatic activity assay reaction mechanism. Trypsin inhibition assay 

following the cleavage of different concentrations of BAEE by β-trypsin in the absence and presence 

of the different knottin constructs in (b) TFP-fused and (c) TFP-cleaved knottins. Data presented as 

mean ± STD, n=3. Solid lines represent fitting of the individual curves using the Michaelis-Menten (eq 

3.1). Kiapp values obtained using eq 3.2 of K2-TFP = 29 ± 5 nM, K1N-TFP = 22 ± 3 nM, K1C-TFP = 31 ± 8 nM, 

K0-TFP = 24 ± 6 nM, K2 = 8 ± 4 nM, K1N = 9 ± 2 nM, K1C = 12 ± 5 nM. K0 = 12 ± 4 nM. 

3.2.3. Evaluating CB[8]-binding capability of knottin constructs 

The CB[8] binding capability of the different knottin constructs in solution was tested 

using microscale thermophoresis (MST). In this technique, a solution containing a 

fluorescent species is locally heated and the diffusion rate of the molecules in that spot 

is determined by measuring the fluorescence intensity. The diffusion rate depends on 

the hydration shell around the fluorescent molecule and when a binding event occurs, 

this shell gets modified, resulting in a different rate of diffusion. For this purpose, we 

used the TFP-fused knottin constructs and measured the binding affinity by titrating 

with a range of CB[8] concentrations (2 nM – 37.5 µM) in the presence of 150 µM 

methylviologen (MV2+) (Figure 3.4a). MV2+ forms a 1:1 binary complex with CB[8] 

allowing us to study the affinity of the knottins with this complex to form a ternary 

complex. Under these conditions, K1N-TFP, K1C-TFP and K2-TFP clearly exhibited 

changes in thermophoretic behavior with increasing CB[8] concentrations.  K0-TFP did 
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not show such changes in diffusion rate indicating that the CB[8]-MV2+ complex binds 

specifically to the GGWGG motif on the other constructs at these concentrations. The 

low micromolar binding affinities (~6 µM) determined are in the expected range for 

such supramolecular host-guest interactions.41 No significant differences were 

observed between the binding affinities of the monovalent-binding constructs (K1N-

TFP, K1C-TFP) and the bivalent construct (K2-TFP), since the CB[8]-MV2+ complex still 

interacts with the GGWGG motifs in a monovalent manner. However, the 

thermophoretic amplitudes of K2-TFP was almost equal to sum of the values of K1N-TFP 

and K1C-TFP at each point (Figure 3.4b). This indicates the possibility of simultaneous 

binding CB[8]-MV2+ complexes with both the GGWGG motifs on K2-TFP. Differences in 

thermophoretic amplitudes between K1N-TFP and K1C-TFP arise due to the fact that the 

CB[8]-MV2+ complex binds these proteins at different locations. 

 

Figure 3.4. a) Thermophoretic binding curves corresponding to the interaction between the 

different TFP-Fused knottins and the CB[8]-MV2+ complex. Solid lines represent fitting the data with 

the Langmuir equation and the bracketed values in the legend are the obtained dissociation 

constants. b) Thermophoretic binding curves of K2-TFP and the sum of K1N-TFP and K1C-TFP. 

3.2.4. Supramolecular surface immobilization of knottins 

Confident that the knottin constructs showed inhibitory effect on trypsin and were 

able to bind CB[8], we proceeded to study the valency of their interaction with CB[8] 

SAMs using surface plasmon resonance (SPR). For this purpose, we used monolayers 

that display MV2+ on a background of non-fouling tetraethylene glycols, as depicted in 

Figure 3.1a.40 CB[8] was first non-covalently immobilized onto the MV2+ units and then 

the knottins were allowed to interact with this complex. From Figure 3.5a, it can be 

seen that the knottins with only one GGWGG motif (K1N and K1C) show weaker binding 

compared to K2 at the concentrations used (0.15 – 3 µM). At higher concentrations up 

to 30 µM, even with Tween-20 added, the knottin solutions become turbid over time 
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signified by broadening in the UV/vis absorption spectrum (Figure S3.1, Section 3.7, 

Supporting Information). This indicated aggregation of knottins into clusters possibly 

due to their relatively poor water solubility. Tween-20 was added as a non-ionic 

amphiphilic detergent used for solubilizing membrane proteins. It can prevent protein 

clustering by masking hydrophobic domains. It has also been extensively used to 

prevent non-specific binding in protein-protein interactions, for example, in 

immunoassays. However, irrespective of the position of the supramolecular guest tag, 

either at the N or C terminus, the SPR binding profile was nearly identical. K0 did not 

exhibit surface adhesion confirming that immobilization of the other constructs 

occurred only through specific interactions between CB[8] and the GGWGG motif in 

agreement with the MST results in solution. When maximum SPR responses of K2 were 

plotted against corresponding concentrations and fitted with the Langmuir adsorption 

equation, assuming both GGWGG motifs can simultaneously bind to the CB[8] SAM, a 

dissociation constant (Kd) of 0.75 ± 0.06 µM was obtained (Figure 3.5b). This value is 

lower than the binding constant of a single GGWGG motif to the CB8-MV2+ complex. 

This improvement in binding affinity due to divalent interactions is comparable to what 

has been reported with similar supramolecular host-guest systems in buffered 

conditions with Tween-20.45 Binding plots of K1N and K1C indicated that their binding 

was still in the linear regime at these concentrations (0.15 – 3 µM), confirming less 

stable binding between the monovalent constructs and CB[8] SAMs. This difference in 

binding strength was also observed when rinsing the surfaces with buffer. The divalent 

K2 construct was only partly removed while the monovalent constructs (K1N, K1C) were 

completely removed in the same period of time. The signal of the divalent K2-TFP drops 

to nearly half of its saturation value in ca. 14 minutes. Surface adhesion of TFP-fused 

knottin constructs were also followed using SPR (Figure S3.2, Section 3.7, Supporting 

Information). Even though significant non-specific adhesion was seen with K0-TFP, 

which could not be prevented by adding Tween-20, better surface adhesion was clearly 

seen with the bivalent K2-TFP compared to the monovalent K1N-TFP and K1C-TFP. Non-

specific adhesion most likely occurs due to multiple weak interactions between CB[8] 

and the solvent-exposed aromatic amino acids present in the fluorescent proteins  as 

observed before by others.46 These results collectively indicate that specific 

supramolecular host-guest binding occur between the surface and the knottin 

constructs after cleaving off the TFP parts and confirm that a divalent interaction 

occurs in the assembly of the K2 knottin constructs onto CB[8] SAMs. 
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Figure 3.5. a) SPR response curves corresponding to the binding of each knottin construct on CB[8] 

SAMs. Hollow circles (o) represent buffer, filled circle ( )represents 50 µM CB[8], solid squares (  , 

 ,  ,  ) represent increasing concentrations of corresponding knottin constructs (K0 - 1 µM, K1N - 

0.15, 0.3, 0.6, 1, 2, 3 µM, K1C - 0.15, 0.3, 0.6, 1, 1.5 µM, K2 - 0.15, 0.3, 0.6, 0.8, 1, 1.5 µM). Titration of 

various knottin constructs were always performed in the presence of 50 µM CB[8] in solution. b) 

Saturating SPR response for each concentration of K2 and corresponding maximum SPR response of 

K1N and K1C for the same time interval at each concentration. Solid line represents fitting of K2 

values with the Langmuir adsorption equation (Kd = 0.75 ± 0.06 µM). 

 

To test the applicability of the CB[8]-binding knottins in fabricating dynamic protein 

arrays, we attempted patterning them by supramolecular microcontact printing.47 First, 

we tested whether the knottin constructs would bind specifically to non-covalent 

arrays of CB[8]. For this purpose, circle-patterns of CB[8] were first printed on surfaces 

displaying MV2+. To visualize knottin adhesion, we incubated these surfaces with the 

TFP-fused knottins. Fluorescent arrays were clearly seen in the cases of K1N-TFP, K1C-

TFP and K2-TFP but not with K0-TFP as shown in Figure 3.6a. As a second check to 

verify specific surface adhesion following ternary complex formation, we used CB[7] as 

a negative control. Since CB[7] has a smaller cavity, it can accommodate only one guest 

at a time.34 Consequently, CB[7] should be able to bind to MV2+ at the surface but not 

form a ternary complex with the knottins. As expected, we did not observe any 

fluorescent arrays after incubating all four TFP-fused knottins with CB[7]-patterned 

surfaces. 

As the knottin constructs adhere to CB[8]-arrays, dissociation of CB[8] is expected to 

occur in parallel, resulting in the weakly fluorescent arrays seen in Figure 3.6a. To 

increase the density of the bound knottins and simplify the process of making such 

arrays, we tested a different strategy. Mixtures of CB[8] and the TFP-fused knottins 
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were printed on surfaces displaying MV2+ followed by a 20 min wash in buffer with mild 

shaking. In Figure 3.6b it can be seen that after printing, fluorescent arrays were visible 

in the cases of both K2-TFP and K0-TFP. After the wash step, 60% of the original 

fluorescence of the K2-TFP arrays remained, whereas the fluorescence of the K0-TFP 

arrays almost entirely disappeared (<10% remaining). The final intensity of K2-TFP arrays 

using this strategy was significantly higher (~7x). Using this strategy, we tested the 

possibility of binding trypsin to arrays of TFP-cleaved CB[8]-binding knottins. To 

visualize trypsin on the arrays, we conjugated a Cy3-NHS ester reactive dye to the 

amino groups of the protein (Tryp-Cy3). Arrays of all four TFP-cleaved knottin 

constructs were incubated with Tryp-Cy3 for 10 min. Clear Cy3-fluorescent arrays were 

observed only on surfaces with K2 (Figure 3.6c). Due to less stable binding capability of 

the monovalent CB[8]-binding TFP-cleaved knottins (K1N, K1c), as seen in the SPR 

measurements, the surface density of K1 constructs is lower after printing and washing 

and complete dissociation might have occurred after the complete process. In the case 

of K2, bivalent interactions result in a higher affinity allowing for a greater surface 

density of K2 constructs after printing and washing and slower dissociation during the 

subsequent steps yields suitable arrays of trypsin binding knottins. These results 

further highlight that significant differences exist in binding capabilities between 

monovalent and bivalent guests on ternary-complex forming surfaces. Based on these 

array experiments, we verified the interaction of β-trypsin on a MV2+-CB[8] SAM 

displaying K2 using SPR (Figure S3.3, Section 3.7, Supporting Information). As expected, 

β-trypsin interacted with this SAM and rinsing with buffer caused dissociation, 

confirming that reversible surface adhesion of β-trypsin was achieved through 

supramolecular interactions. 
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Figure 3.6. a) Fluorescence intensity of the different TFP-fused knottins immobilized on surfaces 

patterned with CB[8] (blue columns) and CB[7] (red columns). b) Fluorescence intensities of 

patterns formed by printing a mixture of CB[8] and the TFP-fused knottins (blue columns) and after 

washing the patterns in buffer for 20 mins (red columns). c) Fluorescence intensities of Tryp-Cy3 

immobilized on patterned surfaces of the four different cleaved knottins. Fluorescence intensities of 

the patterned spots were determined and subtracted from the background in all cases. Data 

presented as mean ± STD, n = 4. 

3.3. Conclusions  

In summary, CB[8]-binding knottins have been constructed and used to fabricate 

functional knottin-based supramolecular surfaces that are able to bind their protein 

binding target. A simple strategy has been developed to recombinantly express and 

purify knottins by genetically fusing them to TFP using an enterokinase cleavable linker. 

The TFP-fused knottins have been directly used for fluorescence based analysis and to 

visualize them on surfaces. Both TFP-fused and TFP-cleaved knottin constructs have 

been tested for their ability to inhibit β-trypsin and to bind CB[8]. All knottin constructs 

inhibited β-trypsin with low nM affinities and those containing CB[8]-binding motifs 
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bound to CB[8] with low µM affinities. The knottin constructs have also been 

immobilized to surfaces displaying MV2+ by CB[8]-mediated ternary complex formation. 

Differences in surface adhesion capabilities were observed between monovalent and 

bivalent CB[8]-binding knottin constructs. Improved specific binding could be observed 

when TFP was cleaved off the knottins presumably because of steric hindrance and 

non-specific interactions of the TFP with CB[8]. Finally, surface adhesion of trypsin 

occurred only on surfaces patterned with the divalent knottin construct, K2, due to 

stronger surface adhesion characteristics.  

This study demonstrates, for the first time, the possibility of developing functional 

knottins that can be incorporated with a supramolecular host-guest system and 

capture a target protein. Knottins are a robust and versatile class of miniprotein 

scaffolds for the presentation of high-affinity binding peptides. Knottins that bind 

biomolecules such as growth factors, hormones and cell-surface receptors, could prove 

to be powerful components that can be integrated with biologically relevant 

supramolecular materials like surface coatings, hydrogels, soft nanoparticles, polymers 

etc.  

 3.4. Acknowledgements 

We would like to thank Emanuela Cavatorta for providing MV2+-SH, Jenny Brinkmann 

for providing 20 nm gold substrates and Regine van der Hee for her assistance in 

performing the MALDI-TOF measurements. The facilities of the BioNanoLab of the 

MESA+ Institute for Nanotechnology are highly appreciated. 

3.5. Experimental Section 

Materials. Cucurbit[8]uril, cucurbit[7]uril, -trypsin from bovine pancreas and 

methylviologen were purchased from Sigma-Aldrich. The disulphides (Bis-1-(11-

{tetraethylene glycol}-undecyl) disulfide and N-{2-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-

ethyl}-[2-[11-(11-(tetraethylene glycol)-undecyldisulfanyl)-undecyloxy]-hexaethylene 

glycol-acetamide]) for SAM preparation were purchased from ProChimia. Alkyl thiol 

terminated MV2+ (MV-SH) was synthesized as previously reported.48 

Due to poor solubility of CB[8] in water and its hygroscopic nature, the apparent 

molecular weight of the commercial powder and its actual concentration in aqueous 

solutions were determined for each batch using a simple and highly reproducible 

method described previously.49 CB[8] was dissolved in MilliQ water by sonication at 

80oC for 2 hrs. 
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Equipment. Polymerase Chain Reaction (PCR) was performed using a Peqlab Primus 25 

advanced thermocycler. Fast Protein Liquid Chromatography (FPLC) was performed 

using ÄKTApurifier (GE Healthcare Life Sciences) in combination with a Frac-950 

fractionation collector (GE Healthcare Life Sciences). The used column was a Superdex 

75 10/300GL (GE Healthcare Life Sciences) and had a separation range for molecules 

with molecular weights between 3000 and 70000 Da. UV-Vis measurements to 

determine DNA and protein concentrations were performed using a Thermo Scientific 

Nanodrop 1000. Matrix assisted laser desorption/ionisation time-of-flight (MALDI-TOF) 

analysis was performed with a Waters MALDI SYNAPT High Definition Mass 

Spectrometer. UV-Vis measurements for trypsin inhibitor assays were performed using 

a Perkin Elmer Victor X3 multiwell plate reader. Miscroscale thermophoresis 

measurements were performed using a Nanotemper Monolith NT.115 device. Surface 

plasmon resonance (SPR) experiments were conducted using 50 nm SPR gold 

substrates from Ssens bv on a Resonant-probes SPR. The reflectivity was measured at 

fixed angle at which point the linear region of the SPR curve stopped. An Olympus 

microscope 1X71 with filters were used for recording fluorescent images. 

Molecular cloning of knottin constructs. pET15b TFP-Ecoil vector was obtained from W. 

F. Rurup.50 ssDNA sequences corresponding to the -trypsin inhibitor knottin and 

primers to extend the N and C termini with the CB[8]-binding motif, GGWGG, were 

ordered from Eurofins MWG Operon, Germany. Amplification of the extended genetic 

construct was performed by PCR using pfu polymerase. The final genetic construct had 

5’ BsrGI and 3’ NheI restriction sites, which were used to insert it between the TFP and 

Ecoil in the plasmid through restriction digestion enzymes and T4 DNA ligase (New 

England Biolabs inc.). The 3’ terminal also contained a stop codon to prevent 

expression of the Ecoil leucine zipper. The resulting pET15b TFP-K2 plasmid was 

transformed into NovaBlue ultracompetent cells (Novagen) and grown overnight on LB 

agar plates containing 100 mg/L ampicillin. Plasmids were extracted from individual 

colonies using Qiagen spin miniprep kit and the sequenced by Eurofins MWG Operon, 

Germany using a standard T7 terminal reverse primer. pET15b TFP-K0, pET15b TFP-K1N 

and pET15b TFP-K1C plasmids were constructed by simultaneous site directed 

mutagenesis (QuickChange Lightning Multi Site-Directed Mutagenesis kit from Agilent 

Technologies) of the genetic sequences corresponding to both 5’ and 3’ GGWGG motifs 

to GGGGG. The mutated plasmids were transformed into XL10-Gold ultracompetent 

cells and grown overnight on LB agar plates containing  34 mg/L chloramphenicol and 

100mg/L ampicillin. Plasmids from several colonies were extracted, sequenced and 

bacterial cultures with each of the three different mutation combinations were 
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identified. The four different plasmids were transformed into the expression host, 

Rosetta-Gami 2(DE3)pLysS competent cells (Novagen) and grown overnight on LB agar 

plates containing 34 mg/L chloramphenicol and 100mg/L ampicillin. Individual colonies 

were grown in LB media containing the mentioned antibiotics. For long term storage, 

15%-glycerol bacterial stocks were made and placed at -80oC.  

DNA sequences for PCR to construct K2 

Template: -Trypsin inhibitor knottin + spacers  

5’_TCAGGTTCAGGTTCAGGTCGCGTGTGCCCGCGCATTCTGATGGAATGCAAAAAAGATAGCG
ATTGCCTGGCGGAATGCGTGTGCCTGGAACATGGCTATTGCGGCGGAAGTGGAAGTGGAAGT_
3’ 

Fwd Primer: Filler-BsrGI-DDDDK-GGWGG-KnottinFwd 

5’_agtgtaTGTACAatGATGACGACGACAAGGGAGGATGGGGCGGATCAGGTTCAGGT_3’ 

Rev Primer: Filler-NheI-Stop-GGWGG-KnottinRev 

5’_atcactGCTAGCTTAACCACCCCAACCACCACTTCCACTTCCACTTCC_3’ 

Site directed muatagenesis primers 

Fwd1: 5’_ ACGACGACAAGGGAGGAGGGGGCGGAT _3’ 

Fwd2: 5’_ GTGGAAGTGGAAGTGGTGGTGGGGGTGGTTAA _3’ 

Protein expression and purification. 5 ml bacterial starter cultures were grown 

overnight from glycerol stocks at 37oC with shaking in LB media containing appropriate 

antibiotics. This was then transferred into 1L of the same media and the cultures were 

grown till they attained O.D.600nm values between 0.4 and 0.8. Protein expression was 

then induced using isopropyl-ß-D-1-thiogalactopyranoside (IPTG) at a final 

concentration of 0.1 mM. These cultures were grown overnight at 18oC with shaking. 

The cultures were then spun down at 6000 rcf for 10 mins at 4oC and supernatants 

were discarded. Bacterial pellets were resuspended in 10mL BugBuster protein 

extraction reagent (Novagen) with 10 µL Benzonase (30 U/µL, Novagen) and gently 

shaken for 20 mins at 25oC. TFP-fused knottin constructs were then purified using His-

Select© Nickel affinity columns  (Sigma Aldrich) into an elution buffer of 50 mM 

NaH2PO4 300 mM NaCl 250 mM imidazole pH8. The purified TFP-fused knottins were 

then rebuffered into pH 7.4 phosphate buffered saline (PBS, Sigma Aldrich) using 30 

kDa-cutoff centrifugal filter units (Amicon Ultra). Concentrations of these TFP-fused 
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knottins were determined from the absorbance value at 467 nm and an extinction 

coefficient of 64000 M-1cm-1. Knottins were cleaved from the TFP using enterokinase 

enzyme (EKMaxTM, Life Technologies). The optimized reaction conditions required 50 

ng of protein per 30 μL reaction with 0.1 units of enterokinase in pH=7.5 buffer 

containing 20 mM trisHCl, 10 mM NaCl, 2 mM CaCl2 at 37oC for 16 hrs. The cleaved 

knottin was isolated from the other proteins using a 10kDa-cutoff centrifugal filter unit 

(Amicon Ultra) followed by a 3kDa-cutoff centrifugal filter unit (Amicon Ultra). Final 

knottin solutions were in PBS. Concentrations of the knottin constructs were 

determined from the absorbance value at 280 nm and extinction coefficients of 12865 

M-1cm-1 for K2, 7365 M-1cm-1 for K1N and K1C and 1865 M-1cm-1 for K0. 

Amino acid sequence of His6-TFP-K2 

MGSSHHHHHHSSGLVPRGSHMVSKGEETTMGVIKPDMKIKLKMEGNVNGHAFVIEGEGEGKP
YDGTNTINLEVKEGAPLPFSYDILTTAFAYGNRAFTKYPDDIPNYFKQSFPEGYSWERTMTFEDK
GIVKVKSDISMEEDSFIYEIHLKGENFPPNGPVMQKKTTGWDASTERMYVRDGVLKGDVKHKLL
LEGGGHHRVDFKTIYRAKKAVKLPDYHFVDHRIEILNHDKDYNKVTVYESAVARNSTDGMDELY
NDDDDKGGWGGSGSGSGRVCPRILMECKKDSDCLAECVCLEHGYCGGSGSGSGGWGG 

Blue = Hexa-His Tag, Gray = Thrombin cleavage site, Dark Green = TFP, Orange = 

Enterokinase cleavage site, Red = CB[8]-binding motif, Brown = (SG)3/(GS)3, Purple = K 

SDS-PAGE. SDS-PAGE was performed using a stacking gel with 6% crosslinking density 

and a resolving gel with 12% crosslinking density. After loading the prepared protein 

samples, 120 V potential was applied across the gel for approximately 90 mins. The gels 

was then rinsed well with water and stained with Bio-Safe Coomassie staining solution 

(Bio-Rad). 
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Figure 3.7. SDS-PAGE gel with bands corresponding to the different TFP-fused knottin constructs. 
Precision Plus Protein™ Unstained Standards (Bio-Rad) was used as the reference for molecular 
weights. 

FPLC and MALDI-TOF. During purification with the FPLC setup, the pH, pressure, 

conductivity and the absorption at 280 and 467 nm were measured continuously. The 

flow speed of the buffer trough the column during purification was 0.7 ml/min. The 

running buffer contained 50 mM phosphate and 150 mM NaCl at pH 7.2. The injected 

volumes were 500uL. 

For MALDI-TOF analysis, protein samples in water/buffer were mixed with equal 

proportions of acetonitrile + 0.1% TFA. Samples were prepared at a final protein 

concentration of 30 µM and this was mixed with sinapinic acid (Sigma)-matrix. These 

were then measured with linear positive mode (LD+).  

The theoretical molecular weights of the miniproteins were determined using the 

ExPASy ProtParam tool (http://web.expasy.org/protparam/) and took into account the 

mass difference when 6 cysteines form 3 disulphide bridges (~6 g/mol). The matching 

of the theoretical and experimental values not only indicates that the protein sequence 

is correct but also verifies the formation of all disulphide bridges. 

http://web.expasy.org/protparam/
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Figure 3.8. a) Size exclusion FPLC traces of the cleaved knottins still in the presence of TFP. Elution 
peaks corresponding to the different constructs seem to occur at slightly different elution volumes. 
b) MALDI-TOF results with peaks corresponding to the cleaved and purified knottin constructs. c) 
Mass values obtained from MALDI-TOF compared to theoretically calculated values. 

Trypsin inhibitor assay. Trypsin cleaves peptides and proteins mainly at the carboxyl 

side of the amino acids lysine or arginine. During this experiment N-Benzoyl-L-Arginine 

Ethyl Ester (BAEE) was used as a substrate for trypsin digestion. This produces an 
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absorbance shift from 230 nm to 253 nm. The rate of reaction was determined for 

different concentrations of BAEE in the presence and absence of the knottins by 

following the increase in absorbance using a 260 nm filter. All measurements were 

performed in PBS. 

Table 3.1. Vmax and Km values obtained from fitting the trypsin inhibitor assay data (Figure 3.3) 

using Michaelis-Menten equation (eq 3.1) 

Inhibitor Vmax
 (min-1) Km (µM) 

No inhibitor 0.0058 ± 0.0006 206 ± 40 

K0-TFP 0.0023 ± 0.00007 70 ± 8 

K1N-TFP 0.0022 ± 0.00009 71 ± 11 

K1C-TFP 0.0025 ± 0.0001 86 ± 22 

K2-TFP 0.0024 ± 0.00004 83 ± 6 

K0 0.0017 ± 0.00003 58 ± 4 

K1N 0.00145 ± 0.0002 105 ± 36 

K1C 0.00165 ± 0.00004 47 ± 4 

K2 0.00141 ± 0.00006 51 ± 21 

 

Microscale Thermophoresis. Solutions containing 1 µM TFP-fused knottins, 150 µM MV 

and concentrations of CB[8] ranging from 2 nM to 37.5 µM were made in PBS. 

Thermophoretic analyses were carried out in standard treated capillaries from 

Nanotemper using an LED power of 1% and MST power of 80% for 30 s. Thermophoresis 

was calculated as the ratio of the fluorescence intensity after and before local heating.  

Preparation of SAMs on Gold substrate. Gold substrates were first washed with 

piranha solution (H2SO4 + 30% H2O2, v/v 3/1), copious amount of milli-Q water and finally 

with ethanol. Substrates were then immersed overnight in a 1 mM ethanolic solution of 

(EG4C11S)2 and Mal-EG6C11-S-S-C11-EG4 at a molar ratio of 99:1 at room temperature in the 

dark. The substrates were then cleaned thoroughly with ethanol, MilliQ water and 

dried with a stream of N2 gas. They were then immediately incubated with 1 mM MV-SH 

in pH 6.8 50 mM phosphate buffer for 1 hr. The substrates were then washed 

thoroughly with MilliQ water, dried with N2 gas and used for further supramolecular 

assembly experiments. 

Surface plasmon resonance. Surface adhesion measurements were carried out under 

conditions of constant flow (100 µL/min) using a pH 7.4 buffer of 0.5 x PBS + 0.05% 

Tween20. All knottin solutions also contained 50 µM CB[8].  
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Microcontact printing. Poly(dimethylsiloxane) (PDMS) stamps were prepared by 

casting a 10:1 (v/v) mixture of Sylgard 184 elastomer and curing agent (Dow Corning) 

against a patterned silicon master with 100 µm circles having a depth of 30 µm. After 

curing the stamps at 60°C overnight, they were peeled off from the master before 

using. The individually cut out stamps were O2-plasma treated for 10s to form a 

hydrophilic surface then inked with the appropriate solution for 20 mins after which 

they were dried with a gentle stream of N2 gas. These were then stamped on the 20 nm 

gold substrate with MV-SAMs for 20 mins with 15 g weight on top. The substrate was 

then briefly washed with MilliQ water and dried. In Figure 3.6a, 100 µM CB[8]/CB[7] in 

MilliQ water was printed followed by incubation of the substrate in 1 µM TFP-fused 

knottin solution for 10 mins. The substrates were then briefly washed with MilliQ water, 

dried and imaged. In Figure 3.6b, a mixture of 50 µM CB[8] with 1 µM TFP-fused knottin 

was printed for 10 mins followed by incubation in buffer containing PBS + 0.1% Tween20 

for 20 mins with mild shaking. The substrates were then washed with MilliQ water, 

dried and imaged. In Figure 3.6c, the previous strategy was followed using cleaved 

knottin solutions and after the incubation in buffer, the substrates were incubated in a 

1 µM Tryp-Cy3 solution for 10 mins then washed with MilliQ water, dried and imaged. All 

proteins including knottin constructs and Tryp-Cy3 were in pH 7.4 buffer containing 0.5 

x PBS + 0.05% Tween20. 
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3.7. Supporting information 

3.7.1. Aggregation of cleaved knottins 

From the UV-Vis absorbance spectra of cleaved K2 knottin, it can be seen that at 3 µM, 

a well-defined peak is formed at 280 nm wavelength, whereas at 6 µM this peak seems 

to have broadened. As expected, the 280 nm absorbance value is nearly double for the 

higher concentration (0.04 AU for 3 µM and 0.1 for ~6 µM). However, beyond 320 nm 

absorbance of the 3 µM sample drops to nearly zero while the absorbance of the 

higher concentration sample stays significantly higher than zero up to almost 600 nm. 

This is usually caused by scattering of light by protein aggregates, resulting in 

absorbance even at higher wavelengths.  

 

Figure S3.1. UV-Vis absorbance spectrum of cleaved K2 at two different concentrations. 
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3.7.2. SPR of TFP-fused knottins 

 

Figure S3.2. SPR titrations of different TFP-fused knottin constructs on CB[8] immobilized SAMs. The 
legend on the right lists the different solutions that were flowed over the substrate and the location 
of the symbols in the plot represent the time when they were introduced. Ferrocenylmethyl 
trimethylammonium (FeMe4N) is a high affinity CB[8]-binding molecule used to cause competitive 
dissociation of CB[8]-bound proteins. All protein solutions also contained 50 µM CB[8] in them. 

3.7.3. SPR of β-trypsin surface adhesion 

 

Figure S3.3. SPR response of β-trypsin association and dissociation on a MV2+-CB[8] SAM displaying 
K2. The legend on the right lists the different solutions that were flowed over the substrate and the 
location of the symbols in the plot represent the time when they were introduced. All protein 
solutions also contained 50 µM CB[8] in them.  



SPR-i measurements done along with Ivan Stojanovic from the Medical Cell Biophysics 
group of the University of Twente 
Native ESI-MS measurements were performed along with Arjan Barendregt and Prof. 
Dr. Albert J.R. Heck from the Biomolecular Mass Spectrometry and Proteomics group 
of the Utrecht University. 

Chapter 4  

 Scaffolding of cystine-stabilized miniproteins 

Biomolecular scaffolds were engineered by genetically fusing, in the form of chains, 

knottins and Min-23 constructs, which are classes of thermally and proteolytically stable 

miniproteins. By fusing these miniprotein chains to a teal fluorescent protein (TFP), an 

efficient strategy was devised for their production in E. coli. The binding properties of 

these scaffolds towards β-trypsin, VEGF and HIV-1 Nef proteins were analyzed with native 

ESI-mass spectrometry, microscale thermophoresis, surface plasmon resonance with 

imaging and a trypsin activity assay. Miniproteins within the chains were found to be 

functional and significantly robust. Various results indicated that they were able to bind 

multiple target proteins in a potentially multi-specific manner. Differences in binding and 

inhibition of β-trypsin by monovalent and bivalent miniprotein chains were clearly 

observed however similar trends were not as evident for VEGF and HIV-1 Nef. Issues 

dealing with folding, miniprotein orientations, non-specific adhesion and slow proteolytic 

degradation of the miniproteins have been speculated, which need to be carefully 

investigated and optimized before applications of these types of miniprotein chains can 

be undertaken. Once this is done, such constructs have the potential to be used in a very 

versatile manner for various molecular engineering applications. 
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4.1. Introduction  

Engineered proteins with multiple epitopes that bind to either many copies of the same 

binding partner or with several different binding partners are emerging as powerful 

agents in molecular biology based fields. In therapeutics, protein-based drugs are 

highly sought after due to their biocompatibility, high affinity and natural specificity.1 

Even though huge advances have been made in directed evolution and rational design 

algorithms to engineer proteins with higher affinities and better specificities, these 

traditional approaches still face concrete limitations.2 Multivalency and multispecificity 

provide new dimensions in macromolecular binding events to produce extremely 

effective proteinaceous drug candidates.3,4 They enable proteins to latch onto targets 

that are present only in particular densities, combinations and orientations. This allows 

the possibility of developing proteins that can distinguish between targets from 

healthy and infectious cells.5–7 Cochran and co-workers have worked extensively on 

developing such proteins that can simultaneously bind, for example, integrins with 

picomolar affinities8 or integrin and VEGFR2 receptors simultaneously.9 Design aspects 

and advantages of such proteins have further been detailed in a perspective article10 

and book chapter11 written by them. Apart from therapeutics, multivalent and multi-

specific proteins are also being applied in metabolic engineering.12,13 Advances in the 

field have led to the possibility of using living organisms to produce molecular products 

that are used as drugs, cosmetics, biofuels etc. Synthetic biology has facilitated the 

expansion of the versatility of this technology, by introducing heterologous enzymes 

into organisms to make them synthesize chemicals that they would not naturally 

produce.14 An enzyme cascade consists of homologous and heterologous enzymes that 

work sequentially to convert reactants into products. This process involves several 

intermediates that need to travel from one enzyme to the next before the final product 

is obtained. When the enzymes are freely distributed, these intermediates have the 

possibility to diffuse away, interfere with the host organism’s metabolism or get 

trapped within certain organelles resulting in poor production yields. Arranging the 

enzymes in close proximity of each other has been shown to solve such issues.12 One 

approach to achieve this is by genetically fusing together individual proteins bearing 

appropriate binding domains.12,13 Thus such multivalent and multi-specific protein 

constructs can act as scaffolds for the cascade enzymes.    

The design and productions of such multivalent and multi-specific protein constructs  

has been achieved by various strategies. Individual proteins have been linked together 

with a chemical linker8 or by genetic fusion,13 binding sites have been modified to have 



Miniprotein Chains 

 
Chapter 4 

 

 

 

79 

multiple specificities15 and a second binding motif has been engineered into a protein 

with a different target.9 Amongst these approaches, the genetic fusion strategy seems 

to be most versatile and relatively simple. Fusion is done at the gene level, so any 

natural, synthetic or randomized protein sequence can be used. Binding motifs can be 

arranged in well-defined linear order. Linkers between proteins are usually composed 

of peptide sequences that can be engineered with necessary properties. Peptide tags 

can be introduced to aid in purification. It is possible to use these protein constructs in 

vivo, since they are produced by the organism in the final required form. However, this 

strategy also suffers from certain limitations. The protein constructs are usually 

susceptible to proteolytic degradation and might be sensitive to factors like 

temperature and pH. Recombinant production of very large protein constructs is 

difficult in the most widely used expression hosts such as bacteria and yeast. Also, 

certain proteins require chaperones that exist only in the host organism for proper 

folding.  

To address these issues, we sought after a family of proteins that are robust, small, 

autonomously folding and bind a large variety of targets. A family of miniproteins 

named knottins was found to fit these criteria. They are one of the smallest naturally-

occurring miniproteins (typically between 25–35 amino acids) and their three-

dimensional structure is essentially defined by a distinctive arrangement of three 

disulfide bonds. They are made up of a small triple-stranded antiparallel β-sheet, which 

is stabilized by the disulfide bond framework.16 Due to this structure, knottins are 

extremely robust with high melting temperatures (Tm > 100oC) and even resistant 

against proteolytic enzymes. Naturally occurring knottins have little sequence 

homology except the set of Cys residues, which gives rise to the conserved pattern of 

disulfide bridges.16 The interspersed peptide loops are highly variable both in length 

and sequence and consequently, there are several naturally occurring knottins that 

bind a wide variety of proteins. They have affinities towards their target proteins in the 

nM range and are found in nature as potent neurotoxins in spider and scorpion venom, 

insecticides produced by plants, protease inhibitors, antimicrobial agents etc. Due to 

their biocompatibility, several of these naturally occurring knottins have also been 

tested as possible analgesics, anti-malarials and pesticides.17 Exhaustive information 

about knottins, their structures and functions is available on an open-access online 

knottin database (http://knottin.cbs.cnrs.fr), created by Gracy and co-workers.18  

As the peptide loops are amenable to modification, the core of the knottin structure 

has been exploited as a suitable scaffold to create interfaces for novel binding 
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activities.16,19 Ever since the recombinant expression of knottins in E.coli was 

established, studies showed that individual peptide loops could be extensively 

modified with alternate sequences even up to 17 amino acids in length without 

diminishing the stability of the structure.20 Such knottins also have the remarkable 

ability to refold and correctly close its three disulfide bonds.19 This meant that knottins 

with unnatural binding motifs could be engineered by replacing the loops with peptide 

sequences of interest.21 Using bacterial, phage and yeast display techniques, knottins 

with randomized peptide loops were used to identify high affinity binders against 

proteins like thrombin,22 neuropilin23 and integrins.24 Furthermore, a truncated form of 

these naturally occurring knottins containing only 23 amino acids, called Min-23, has 

been engineered with only 2 disulfide bridges.25 Similar to its parent knottin, it is 

comprised of a cystine-stabilized β-sheet (CSB) motif that forms an autonomous folding 

unit with three β-strands and a short α-helix. Even though Min-23 miniproteins are 

stabilized by only two disulfide bridges they still retain high melting temperatures (Tm ~ 

100oC) and proteolytic resistance. The peptide sequence of the second β-turn is 

admissible to extensive modifications, up to 10 amino acids, using which high affinity 

binders have been identified for various target proteins like VEGF, HIV-Nef, 

mitochrondiral membrane protein TOM70 etc.26,27 These studies show that apart from 

their natural targets, knottins are also being extensively engineered to bind several 

other medically relevant target proteins.  

Due to the mentioned properties of small size, autonomous folding, robustness and 

versatility in binding targets, we chose knottins and Min-23 as our prime candidates to 

attempt the construction of multivalent and multi-specific protein scaffolds. Since the 

binding domains are present on the loops, it would also be possible to genetically fuse 

their N and C terminals together to form a chain. To test our strategy, we selected 

three relatively small protein targets, β-trypsin,28 VEGF29 and HIV-1 Nef.26 β-trypsin is 

inhibited by a naturally occurring CMTI-I knottin from the winter squash plant.28 

VEGF165 and HIV-1 Nef are bound by synthetic Min-23 derivatives identified by phage 

display techniques.26,29 Protein scaffolds were constructed by genetically fusing these 

three miniproteins (β-trypsin inhibitor knottin – ‘B’,28 VEGF binding Min-23 – ‘V’29 and 

HIV-1 Nef binding Min-23 – ‘H’26) in the form of a chain, which was also fused to a teal 

fluorescent protein (TFP) to facilitate expression, purification and analysis (Figure 4.1). 

Four such fusion proteins were produced with the three miniproteins arranged in 

different combinations – BHV, BVB, HBH, VHV (Figure 4.1b). Their multivalency and 

multispecificity were evaluated using enzyme inhibitor assays, microscale 
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thermophoresis (MST), mass spectrometry (MS), and surface plasmon resonance 

imaging (SPRi) measurements. 

 

Figure 4.1. a) Graphical representation of the three miniproteins and corresponding target proteins 

used in this chapter. b) Schematic of the four different TFP-fused protein scaffolds constructed. 
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4.2. Results and Discussions 

4.2.1. Design and recombinant synthesis strategy 

In order to efficiently construct the four different TFP-fused chains of miniproteins, 

standard recombinant DNA techniques were used with interchangeable components as 

displayed briefly in Figure 4.2a. The genes of each miniprotein were ordered with the 

same 5’ and 3’ flanking DNA sequences encoding for the peptide sequences of (SG)3 at 

the N terminal and (GS)3 at the C terminal. These miniprotein genes were amplified by 

polymerase chain reaction (PCR) using primer sequences composed of the appropriate 

complementary DNA sequence for hybridization, a sequence encoding for (AP)2 and 

finally the appropriate restriction site. All miniprotein DNA sequences were amplified 

with these components and the restriction sites dictated the location of the 

miniproteins in the chain. Restriction digestion was done individually for each 

miniprotein and also the expression plasmid containing the TFP gene. Ligation was 

done in one-pot with the appropriate components mixed together. The miniprotein 

chains were fused with TFP for three major purposes. First, knottins are poorly soluble 

and form inclusion bodies during expression in E.coli. TFP improves the solubility of the 

entire protein allowing for simpler purification and higher yields during expression. 

Second, TFP allows us to visualize the presence of the protein in all stages of 

expression and purification and enables us to easily determine its concentration. 

Finally, it acts as a fluorescent label for analysis techniques such as MST. Due to the 

presence of multiple disulfide bonds in the miniprotein chains, a special bacterial strain 

with a cytoplasm that favours disulfide bond formation, commercially available as 

Rosetta Gami 2, was used. In the final protein constructs, the miniproteins were 

separated by a peptide linker with the sequence GSGSGSAPAPXXPAPASGSGSG, where 

XX represents variable amino acids encoded by the restriction sites. The maximum 

possible distance of this linker would span 7.7 nm, which should provide sufficient 

space for the binding of the target proteins (The diameter of trypsin and HIV-1 Nef is ~ 4 

nm28,30 while the VEGF dimer  has a length of ~ 6.5 nm and width of ~ 4 nm31). The linker 

residues have also been selected such that they are not easily susceptible to proteolytic 

enzymes.32 The (SG)3/(GS)3 repeat regions are flexible to allow several orientations for 

protein binding and the (PA)2/(AP)2 regions serve as rigid spacers to ensure that the 

miniproteins remain separated.33 

The proteins also had an N-terminal hexa-His tag for facile purification with metal 

affinity columns. After all the purification steps, we obtained an average of 20 mg/L of 

the TFP-fused miniprotein chain protein constructs, which corresponds to an average 
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of 6.5 mg/L of just the miniprotein chains and is comparable to the production yields of 

individual knottins seen in Chapter 3 and in literature.34 The protein sizes were 

characterized using SDS-PAGE (Figure 4.2b) and ESI-MS (Figure 4.2c) and were found to 

be agreeable with the theoretically expected values. 

 

Figure 4.2. a) Schematic elaborating the recombinant strategy employed to genetically construct 

the miniprotein chain fusion proteins. The lines are symbolic of the DNA sequence and the letters are 

the encoded amino acids. XX represents two variable amino acids encoded by restriction sites. b) 

SDS-PAGE gel with the four different TFP-fused miniprotein chain constructs along with a Precision 

Plus Protein™ Unstained Standards ladder. c) Masses of the four TFP-fused miniprotein chain 

constructs determined by ESI-MS compared to theoretical values. MS plots are provided in Figures 

4.7 – 4.10 (see in the Experimental section). 

4.2.2. Trypsin inhibition analysis 

Since the enzymatic activity of β-trypsin can be assayed, its inhibition by B would prove 

that the knottin is correctly folded and functional when incorporated in the miniprotein 

chain. β-trypsin’s proteolytic activity was monitored using Nα-Benzoyl-L-arginine ethyl 

ester (BAEE). This molecule gets cleaved and the product has a red-shifted absorbance 

peak at 253 nm wavelength. When BAEE was titrated with a fixed concentration of 

trypsin in presence and absence of the four miniprotein chain constructs, it was clearly 

seen that the rate of the reaction dropped in the presence of the miniprotein chains 

containing B (Figure 4.3a). At all concentrations, the reaction rates in the presence of 
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VHV were similar to those with only trypsin, confirming that inhibition occurred only 

due to the presence of B in the other miniprotein chain constructs. BVB clearly 

exhibited the highest level of inhibition indicating that both the B knottins were 

available to interact with β-trypsin. All plots were fitted with the Michaelis-Menten 

equation (eq 4.1) to determine the asymptotic maximum reaction rate, Vmax and the 

Michaelis constant, Km. 

𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
   eq 4.1 

From Table 4.1, it can be seen that Vmax values of the inhibited reactions are lower than 

that of the uninhibited reaction and the Km values vary only slightly. Also, the inhibitor 

concentrations (100 nM) are several orders lower than the Km values (50 – 150 µM). 

These indicate that pseudo-irreversible inhibition is occurring due to very strong 

inhibition as has been described in Chapter 3, section 3.2.2. Using eq 4.2, the apparent 

inhibitor constants Kiapp values were determined. 

𝑉𝑖

𝑉0
=  1 − 

[𝐸𝑇]+[𝐼𝑇]+𝐾𝑖𝑎𝑝𝑝−{([𝐸𝑇]+[𝐼𝑇]+𝐾𝑖𝑎𝑝𝑝)
2

−4[𝐸𝑇][𝐼𝑇]}1/2

2[𝐸𝑇]
 eq 4.2 

where Vi and V0 are the Vmax values of the inhibited and uninhibited reactions 

respectively, [ET] is the total concentration of -trypsin, [IT] is the total knottin 

concentration and Kiapp is the apparent dissociation constant of the enzyme-inhibitor 

complex. 

This analysis provided Kiapp values in the nanomolar range, similar to values obtained 

previously. Surprisingly, BVB provided a Kiapp value (6 ± 1 nM) that was one order of 

magnitude lower than that of BHV and HBH (~ 60 nM). Even though BVB is expected to 

inhibit more efficiently, the Kiapp value would only be expected to be a half of that of 

BHV and HBH since the binding sites are expected to be independent. A more thorough 

determination of the Kiapp values was performed by carrying out the trypsin inhibitor 

assay with various concentrations of the miniprotein chain constructs, keeping trypsin 

and BAEE concentrations constant (Figure 4.3b). All inhibited reaction rates were 

normalized as fractions of the uninhibited reaction rate. Fitting the resulting plots with 

eq 4.2 provided a BVB Kiapp value of 27  ± 2 nM, which was nearly half the value obtained 

for BHV (74  ± 8 nM) and HBH (86  ± 10 nM). These results indicate that the B knottins 

had folded properly and were functional. Furthermore, improved inhibition of BVB 

suggested that the two B knottins in the chain were both free to interact with β-

trypsin. 
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Figure 4.3.  a) Reactions rates of the cleavage of various concentrations of BAEE by 100 nM β-trypsin 

in the presence and absence of 100nM of the four miniprotein chains have been plotted against 

corresponding BAEE concentrations. Values are presented as mean ± STE, n = 3. The solid lines 

represent fitting using the Michaelis-Menten equation (eq 4.1). The Kiapp values obtained from eq 4.2 

are 63 ± 7 nM for BHV, 6 ± 1 nM for BVB and 68 ± 9 nM for HBH. c) Reaction rates of cleavage of 400 

µM BAEE by 100 nM β-trypsin in the presence of various concentrations of the four miniprotein 

chains were normalized as a fraction of the reaction rate of the uninhibited reaction and plotted 

against the corresponding miniprotein chain concentrations. Values presented as mean ± STE, n = 2. 

The solid lines represent fitting using eq 4.2. The obtained Kiapp are 74 ± 8 nM for BHV, 27 ± 2 nM for 

BVB and 86 ± 10 nM for HBH. 

Table 4.1. Michaelis-Menten fitting parameters from Figure 4.3a 

Protein Vmax (min-1) Km (µM) 

Trypsin 6.5 x 10-3 ± 0.2 x 10-3 92 ± 10 

BHV 3.5 x 10-3 ± 0.7 x 10-4 152 ± 8 

BVB 1.4 x 10-3 ± 0.8 x 10-3 45 ± 11 

HBH 3.6 x 10-3 ± 0.5 x 10-3 147 ± 26 

VHV 6.8 x 10-3 ± 0.3 x 10-3 128 ± 13 

 

4.2.3. MS analysis of protein binding to miniprotein chains  

Native ESI-MS was used to analyse the protein complexes formed between β-trypsin 

and the miniprotein chains. For this technique all proteins had to be rebuffered into an 

aqueous 150 mM ammonium acetate buffer (AmAc) having pH 7.5 since this volatile salt 
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is known to produce very clean mass spectra.35 Relatively high protein concentrations 

of > 1 µM were also required for good signal-to-noise ratios. Consequently, two 

strategies were attempted – one in which the proteins were rebuffered into AmAc and 

then mixed (Table 4.2), the other in which the proteins were mixed in PBS buffer and 

then the mixture was rebuffered into AmAc (Table 4.3). In either case, the proteins 

were allowed to interact for at least 10 mins before their masses were measured. In all 

cases it can be seen that part of the protein has been cleaved by β-trypsin. The 

remaining fragments, from start to end residues, detected in the spectra are indicated 

in brackets. β-trypsin is known to be a highly aggressive proteolytic enzyme that can 

cleave proteins at the C-terminal of arginine and lysine residues. All the TFP-fused 

miniprotein chains have an N-terminal hexa-His Tag followed by a thrombin cleavage 

site (LVPRGS) with an arginine residue at the 17th position. This is a sequence that is 

highly susceptible to proteolysis by β-trypsin, resulting in the (18 – end) fragments. This 

cleaved region does not affect the binding of the miniprotein chains and so all the (18 – 

end) fragments can be considered as unaffected. When locating all the other cleaved 

residues in the protein sequences, they are found to be either at an arginine or lysine 

on the TFP or at the start of some miniproteins. The main core of the miniproteins and 

especially the binding loops seem to be unaffected, suggesting that they retain their 

resistance against proteolysis. Considering that at µM concentrations β-trypsin has 

extremely high proteolytic activity combined with the fact that intact miniprotein 

chains were detected, this implies that the design of the miniprotein chains is highly 

robust. When the molar ratio of β-trypsin to miniprotein chain was 1:2, more intact TFP-

fused miniprotein chains were observed compared to when the ratio was 2:1. In the 1:1 

molar ratio samples, where the proteins were mixed prior to buffer exchange, several 

cleaved fragments were also observed, which could be related to the fact that buffer 

exchange takes nearly 2 hrs allowing trypsin more time to act.  

Complexes of β-trypsin with BHV, BVB and HBH were made in various ratios and 

observed in almost all cases, while no complexes of β-trypsin were detected with VHV. 

This confirmed that complexes were formed only when the B knottin was present. 

Even though a complex of BVB with two β-trypsins was not detected, it could be seen 

that cleavage of this TFP-fused miniprotein chain had occurred much less than the 

other constructs consisting of one B knottin, suggesting improved inhibition as 

observed in the trypsin inhibition experiments (Section 4.2.2.). We were also unable to 

observe complexes between VEGF or HIV-1 Nef with the miniprotein chains using this 

technique even though the concentrations for complex formation was high enough. 
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This could possibly be due to an effect of the buffer or that the conditions used during 

these measurements were not optimal to observe these complexes. 

Table 4.2. Native ESI-MS masses observed in solutions of β-trypsin and miniprotein chains. These 

measurements were done by rebuffering the mixtures of proteins into aqueous AmAc. The mass 

sprectra are presented in Figures 4.6 – 4.10 (see in the Experimental Section) 

Miniprotein 

chain 

Miniprotein 

chain conc. 

(µM) 

Trypsin conc. 

(µM) 

Masses 

obtained (Da) Mass assignment 

BHV 

5 2.5 

44041 BHV (18 - end) 

67368 BHV (18 - end) + β-Trypsin 

88164 BHV (18 - end) dimer 

111449 BHV (18 - end) dimer + β-Trypsin 

5 10 

23293 β-Trypsin 

27352 BHV (25 - 267) 

28078 BHV (18 - end) 

55963 BHV (25 - 320) dimer + β-Trypsin 

BVB 

5 2.5 

44070 BVB (18 - end) 

45863 BVB 

67408 BVB (18 - end) + β-Trypsin 

69194 BVB + β-Trypsin 

89972 BVB + BVB (18 - end) 

91758 BVB dimer 

115090 BVB dimer + β-Trypsin 

5 10 

23299 β-Trypsin 

27351 BVB (25 - 267) 

28078 BVB (18 - 267) 

55957 BVB (25 - 320) + β-Trypsin 

56684 BVB (18 - 320) + β-Trypsin 

HBH 

5 2.5 

28323 HBH (18 - 269) 

44488 HBH (18 - end) 

67812 HBH (18 - end) + β-Trypsin 

112336 HBH (18 - end) dimer + β-Trypsin 

5 10 

23293 Trypsin 

27596 HBH (25 - 269) 

28322 HBH (18 - 269) 

VHV 5 2.5 

28326 VHV (18 - 269) 

43556 VHV (18 - end) 

45350 VHV 

87182 VHV (18 - end) dimer 

88968 VHV + VHV (18 - end) 
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Table 4.3. Native ESI-MS masses observed in solutions of combinations of β-trypsin and miniprotein 

chains. These measurements were performed by mixing the proteins prior to rebuffering them into 

aqueous AmAc. The mass spectra are presented in Figure  4.11 (see in the Experimental Section) 

Miniprotein 

chain 

Miniprotein 

chain conc. 

(µM) 

Trypsin conc. 

(µM) 

Masses 

obtained (Da) Mass assignment 

BHV 5 5 

23298 β-Trypsin 

27357 BHV (25 - 267) 

28083 BHV (18 - 267) 

55967 BHV (25 - 320) dimer + β-Trypsin 

56694 BHV (18 - 320) dimer + β-Trypsin 

66638 BHV (25 - end) + β-Trypsin 

67367 BHV (18 - end) + β-Trypsin 

BVB 5 5 

44079 BVB (18 - end) 

45876 BVB 

67436 BVB (18 - end) + β-Trypsin 

69214 BVB + β-Trypsin 

111611 BVB (18 - end) dimer + β-Trypsin 

HBH 5 5 

23296 β-Trypsin 

26429 HBH (165 - 417) 

27598 HBH (25 - 269) 

32336 HBH (25 - 318) 

VHV 5 5 
23330 β-Trypsin 

27598 VHV (25 - 269) 

 

4.2.4. MST analysis of protein binding to miniprotein chains 

Taking advantage of the TFP fused with the miniprotein chains, we attempted to study 

the binding of the protein constructs with their target proteins using MST directly in 

buffer. In this technique, the fluorescence intensity is measured at a localized spot in 

solution, which is then heated using an infrared laser. Depending on the fluorescent 

molecule it will either diffuse away from or towards the heated spot. The rate of this 

diffusion depends on the hydration shell around the molecule, which in turn can 

change if something binds to it. For these measurements, we maintained the TFP-fused 

miniprotein chains at a constant concentration of 100 nM and titrated it against a range 

of β-trypsin concentrations (0.2 – 7500 nM). The BHV, BVB and HBH samples showed a 

thermophoretic response in the presence of β-trypsin while VHV did not (Figure 4.4). 

The plots were fitted with the quadratic velocity equation (eq 4.3),36  

𝑦 = 𝐿 + 𝐴𝑚𝑝 
𝐹+𝑥+𝐾𝑑− √(𝐹+𝑥+𝐾𝑑)2−4𝐹𝑥 

2𝐹
   eq 4.3 
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where L is the lower asymptotic value, Amp is the amplitude of the plot, F is the 

concentration of the fluorescent molecule (the TFP-fused miniprotein chains), x is the 

β-trypsin concentration and Kd is the dissociation constant. 

From Figure 4.4, it can be seen that Kd value was surprisingly similar (105 nM) for all 

three constructs containing B, but the Amp value was slightly higher for BVB compared 

to BHV and HBH. However from these plots, no distinct difference could be identified 

between the miniprotein chains consisting of one or two B knottins. Using MST, we 

were also unable to detect any thermophoretic response when the miniprotein chains 

were titrated with VEGF or HIV-1 Nef (data not shown).  

 

Figure 4.4. MST data for the four miniprotein chains titrated against a range of β-trypsin 

concentrations. The solid lines represent fittings using the quadratic velocity equation (eq 4.4). 

4.2.5. SPR analysis of protein binding to miniprotein chains 

To simultaneously follow the binding of the different proteins with the miniprotein 

chains, we performed SPR imaging (SPR-i) measurements. Multiplexed label-free 

measurements were possible using a hemispherical glass sensor with a gold layer on 

flat surface coated with a dextran polymer containing activated ester groups. Using a 

Continuous Flow Microspotter, which incorporates a PDMS print head with 48 flow 

channels, various proteins can be spotted onto the sensor surface in arrays. The 
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amount of proteins immobilized onto the surface was determined by the initial SPR 

response obtained and is termed Response of Local Ligand (RLL). In the first set of 

experiments, we spotted β-trypsin, VEGF165 and HIV-1 Nef proteins at different loading 

densities. A range of TFP-fused miniprotein chain concentrations (1 nM – 2 µM) were 

then flowed over the spotted sensor while monitoring the SPR image. The best 

responses obtained from each sensor were taken and the values were normalized by 

dividing by the RLL values of the corresponding spots. From Figure 4.5, it can be seen 

that for example BHV binds to each of the three spotted proteins. Figure 4.5a shows 

the responses from the binding of increasing concentrations of the miniprotein chains 

on spots with β-trypsin. BHV, BVB and HBH clearly bind to the spots while VHV does 

not. In addition, BVB did not bind to HIV-1 Nef while HBH did not bind significantly to 

VEGF. These results, verify the specific binding of B knottin to trypsin. The highest 

response was seen with BHV, possibly due to the position of B in the chain, allowing for 

better packing of the proteins. Even though BVB caused a lower response, binding 

started at a lower concentration compared to BHV and HBH, indicating a higher 

affinity. This was verified by fitting the binding plots with the Langmuir adsorption 

equation as shown in Figure 4.5d. The lower Kd value obtained for BVB indicated the 

possibility of bivalent binding occurring at the surface. Surprisingly and contrary to our 

previous results in solutions, HBH showed the weakest response and the poorest 

affinity. This could also possibly be due to the position of B in the chain, causing some 

sort of unexpected steric hindrance with immobilized β-trypsin while binding. From 

Figure 4.5b, it can be seen that both BHV and BVB were binding to spots with VEGF165 

to a similar extent. Surprisingly, a very weak, nearly negligible response was observed 

for the binding of VHV to VEGF spots, even though binding with a higher affinity would 

be expected. This indicates possible errors in the folding of this miniprotein chain or 

some sort of interaction between the miniproteins within the chain causing steric 

hindrance and preventing it from binding VEGF165. Even though HBH is considered to 

be a negative control in this case, some non-specific adhesion is seen at higher 

concentrations. A blocking agent such as bovine serum albumin (BSA) might be 

required to suppress such non-specific adhesion, as is normally used in ELISA 

experiments dealing with growth factors. In Figure 4.5c, it can be seen that BHV and 

HBH bind HIV-1 Nef to a significant extent while the negative control BVB does not 

cause any response. Once again, almost no response is observed from VHV, supporting 

our suspicion that this miniprotein chain is not functional. It is important to note that 

this is the only miniprotein chain that is made entirely out of Min-23 constructs. Binding 

affinities of the miniprotein chains with VEGF165 and HIV-1 Nef were not determined 
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since the responses still lay only in the linear regime, for which fitting with the 

Langmuir adsorption equation is not reliably applicable. 

Next, we tested the multi-specific binding properties of the miniprotein chains by 

spotting them on the surface and flowing over VEGF165 and HIV-1 Nef while recording 

the SPR-i responses. In Figure 4.5e, VEGF165 (1 µM) was first flowed over the sensor, 

allowed to bind, rinsed then HIV-1 Nef (1 µM) was passed. In this case, the best VEGF165 

binding was observed to occur with BHV and VHV. It is possible that in the immobilized 

form, the V miniproteins of the VHV chain were conjugated in a more accessible 

manner for binding. This is an indication that the folding might not be incorrect but that 

the miniproteins within the chain cluster together and restrict access for binding. 

Significant non-specific binding was seen to occur with HBH probably since the 

VEGF165 concentration used was relatively high (1 µM). Surprisingly, very low binding 

seemed to occur with BVB, possibly even only non-specifically, indicating that the 

position of V in this immobilized miniprotein chain was probably unfavourable for 

binding. On the other hand, HIV-1 Nef binding complied with our earlier results, binding 

most significantly to BHV and HBH, much less with VHV and slightly non-specifically 

with BVB. However the response from BHV and HBH were the same, providing no 

indications of multiple binding. In a similar experiment, we flowed HIV-1 Nef (1 µM) 

followed by a solution containing both VEGF165 (1 µM) and HIV-1 Nef (1 µM) without 

any washing steps in between (Figure 4.5f). The responses on the BHV spot seemed to 

indicate simultaneous multi-specific binding of both proteins. On BVB, HIV-1 Nef was 

quite weak while VEGF165 bound significantly, as expected. However on HBH, HIV-1 Nef 

binding was less than on BHV and non-specific VEGF165 binding was also considerable. 

On VHV, the worst binding of both proteins were seen, similar to what was witnessed 

in Figures 4.5a-c. β-trypsin was not included in these measurements, since it seemed to 

degrade even the gel on top of the gold sensor as shown in Figure 4.5f (inset). The 

response dropped on the blank spot and the immobilized miniprotein chains also got 

removed from their spots due to trypsin. These results together indicate the multiple 

and multi-specific binding events occurred between the miniprotein chains and their 

target proteins. However several issues dealing with folding, miniprotein orientations, 

non-specific adhesion and proteolytic degradation of the miniproteins need to be 

carefully investigated and optimized before applications of these type of miniprotein 

chains can be undertaken. 
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Figure 4.5. Normalized SPR-i responses obtained by flowing a range of concentrations (1, 2, 4, 8, 16, 

31, 62, 125, 250, 500, 1000, 2000 nM) of BHV, BVB, HBH and VHV on spots of a) β-trypsin (RLL = 255 

with BHV, 653 with BVB, 1080 with HBH and 510 with VHV), b) VEGF165 (RLL = 1820 with BHV, 2322 

with BVB, 1774 with HBH and 2273 with VHV), c) HIV-1 Nef (RLL = 2143 with BHV, 982 with BVB, 2761 

with HBH and 2572 with VHV). The black inverted triangle represents the start of the titration after 

baseline with system buffer and the black circle represents rinsing with system buffer. d) Maximum 

responses at each concentration of the miniprotein chains flowed over spots of β-trypsin plotted 

against the corresponding concentrations. The solid lines represent fitting with Langmuir 

adsorption equation. e) Normalized SPR-i responses obtained by flowing 1 µM of VEGF165 (black 

square) and 1 µM HIV-1  Nef (black diamond) over spots with BHV (RLL = 5186), BVB (RLL = 5024), 

HBH (RLL = 5047) and VHV (RLL = 6197)  with a buffer rinsing step after each protein (black circle). f) 

Normalized SPR-i responses obtained by flowing over spots of BHV (RLL = 6013), BVB (RLL = 6091), 

HBH (RLL = 6256) and VHV (RLL = 8522) with 1 µM HIV-1 Nef (black diamond) immediately followed 

by 1 µM HIV-1 Nef + 1 µM VEGF165 (black square) after which buffer rinsing was done (black circle). 

The inset represents the flowing of β-trypsin over spots of immobilized miniprotein chains and also a 

blank spot. All normalized values were obtained by taking actual SPR-i responses, in Resonance 

Units, and dividing them by the corresponding RLL values.  

4.3. Conclusions 

We attempted to construct robust multivalent and multi-specific proteins by linking 

together the cystine-stabilized miniproteins, knottins and Min-23 derivatives, in the 

form of a chain. An efficient strategy of genetically constructing these recombinant 

proteins was successfully employed. Protein expression in E.coli and purification were 
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facilitated by fusing these chains with a hexa-His-tagged TFP. SDS-PAGE and Native ESI-

MS were used to characterize the purified proteins and confirm their complete 

synthesis. A trypsin enzymatic activity assay was used to verify that the β-trypsin 

inhibitory knottins in the miniprotein chains were functional, further indicating that 

they had undergone proper folding. An indication of multiple binding was also seen 

with this assay since the two binding site construct exhibited stronger inhibition of β-

trypsin compared to the one binding site constructs. Native ESI-MS also revealed that 

the miniprotein chains formed complexes with β-trypsin and were relatively resistant to 

its proteolytic activity. MST further confirmed binding of the miniprotein chains with β-

trypsin at nM affinities. With SPRi studies, multiple and multi-specific binding of the 

target proteins with the miniprotein chains was observed, however certain problems 

with the current system were also revealed. Further studies are required to optimize 

the linker properties, eliminate non-specific binding, determine folding parameters, and 

reduce proteolysis even more. The system shows considerable promise for developing 

highly stable scaffold proteins that can simultaneously bind multiple different targets 

for therapeutic and industrial applications. Alternatively, such miniprotein chains could 

possibly be constructed by using CB[8]-binding peptide motifs similar to those 

described in Chapter 3. This would add another dimension to the properties of these 

chains since the constituent miniproteins would be able to dynamically shift positions 

within the chain and possibly even respond to external stimuli. 
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4.5. Experimental Section 

Materials. Bovine β-trypsin and BAEE were obtained from Sigma Aldrich. Recombinant 

VEGF165 was purchased from Peprotech. Recombinant HIV-1 Nef was purchased from 

Jena Bioscience in a wild-type, His-tagged, myristoylated form.  

Equipment. Polymerase Chain Reaction (PCR) was performed using a Peqlab Primus 25 

advanced thermocycler. UV-Vis measurements to determine DNA and protein 

concentrations were performed using a Thermo Scientific Nanodrop 1000. UV-Vis 

measurements for trypsin inhibitor assays were performed using a Perkin Elmer Victor 

X3 multiwell plate reader. Mass spectrometry measurements were performed in 

positive ion mode using an LCT electrospray time-of-flight (Waters, UK). Needles were 
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made from borosilicate glass capillaries (Kwik-Fil, World Precision Instruments, 

Sarasota, FL) on a P97 puller (Sutter Instruments, Novato, USA), coated with a thin 

gold layer by using an Edwards Scancoat six pirani 501 sputter coater (Edwards 

Laboratories, Milpitas, USA). Miscroscale thermophoresis measurements were 

performed using a Nanotemper Monolith NT.115 device. Continuous flow microspotting 

was performed with a 48 channel PDMS CFM device from Wasatch microfluidics LLC. 

Spotting was performed at 150 µL/min back and forth flow for an hour. For SPR-i 

measurements the IBIS MX96 was used (IBIS technologies B.V., Enschede, the 

Netherlands). 

Molecular cloning of miniprotein chains. pET15b TFP-Ecoil vector was obtained from 

W. F. Rurup.37 ssDNA sequences corresponding to B, V and H miniproteins and primers 

to extend the N and C termini with the appropriate linker sequences and restriction 

sites, were ordered from Eurofins MWG Operon, Germany. Amplification of the 

extended genetic construct was performed by PCR using pfu polymerase. The final 

genetic construct had 5’ BsrGI and 3’ NheI restriction sites, which were used to insert it 

between the TFP and Ecoil in the plasmid through restriction digestion enzymes and T4 

DNA ligase (New England Biolabs inc.). The resulting pET15b TFP-BHV, pET15b TFP-BVB, 

pET15b TFP-HBH, pET15b TFP-VHV plasmids were transformed into NovaBlue 

ultracompetent cells (Novagen) and grown overnight on LB agar plates containing 100 

mg/L ampicillin. Plasmids were extracted from individual colonies using Qiagen spin 

miniprep kit and the sequenced by Eurofins MWG Operon, Germany using a standard 

T7 terminal reverse primer. The four different plasmids were transformed into the 

expression host, Rosetta-Gami 2(DE3)pLysS competent cells (Novagen) and grown 

overnight on LB agar plates containing 34 mg/L chloramphenicol and 100mg/L 

ampicillin. Individual colonies were grown in LB media containing the mentioned 

antibiotics. For long term storage, 15%-glycerol bacterial stocks were made and placed 

at -80oC.  

 

 

 

 

 

 



Miniprotein Chains 

 
Chapter 4 

 

 

 

95 

DNA sequence of BHV: 

5’-

atgggcagcagcCATCATCATCATCATCACagcagcggcCTGGTGCCGCGCGGGAGCCatATGGTGA

GCAAGGGCGAGGAGACCACAATGGGCGTAATCAAGCCCGACATGAAGATCAAGCTGAAGATG

GAGGGCAACGTGAATGGCCACGCCTTCGTGATCGAGGGCGAGGGCGAGGGCAAGCCCTACGA

CGGCACCAACACCATCAACCTGGAGGTGAAGGAGGGAGCCCCCCTGCCCTTCTCCTACGACATT

CTGACCACCGCGTTCGCCTACGGCAACAGGGCCTTCACCAAGTACCCCGACGACATCCCCAACT

ACTTCAAGCAGTCCTTCCCCGAGGGCTACTCTTGGGAGCGCACCATGACCTTCGAGGACAAGG

GCATCGTGAAGGTGAAGTCCGACATCTCCATGGAGGAGGACTCCTTCATCTACGAGATACACC

TCAAGGGCGAGAACTTCCCCCCCAACGGCCCCGTGATGCAGAAGAAGACCACCGGCTGGGACG

CCTCCACCGAGAGGATGTACGTGCGCGACGGCGTGCTGAAGGGCGACGTCAAGCACAAGCTGC

TGCTGGAGGGCGGCGGCCACCACCGCGTTGACTTCAAGACCATCTACAGGGCCAAGAAGGCGG

TGAAGCTGCCCGACTATCACTTTGTGGACCACCGCATCGAGATCCTGAACCACGACAAGGACT

ACAACAAGGTGACCGTTTACGAGAGCGCCGTGGCCCGCAACTCCACCGACGGCATGGACGAGC 

TGTACAatCCAGCACCAGCGTCAGGTTCAGGTTCAGGTCGCGTGTGCCCGCGCATTCTGATGGA

ATGCAAAAAAGATAGCGATTGCCTGGCGGAATGCGTGTGCCTGGAACATGGCTATTGCGGCGG

AAGTGGAAGTGGAAGTGCCCCTGCTCCTGAGCTCCCAGCACCAGCGTCAGGTTCAGGTTCAGG

TCTGATGCGCTGCAAACAGGATAGCGATTGCCTGGCGGGCAGCGTGTGCACCCAGGTGCTGAG

CTTTGTGCCGTGGAAATTTTGCGGCGGAAGTGGAAGTGGAAGTGCCCCTGCTCCTCTTAAGCCA

GCACCAGCGTCAGGTTCAGGTTCAGGTCTGATGCGCTGCCGCAGCGATGCGGATTGCATTGAA

GGCCGCGTGTGCAGCTATTTTAGCCAGGGCTTTTGCGGCGGAAGTGGAAGTGGAAGTGCCCCT

GCTCCTTCGCTAGCTGAAATTGCTGCTCTTGAAAAAGAAATTGCTGCTCTTGAAAAAGAAATTG

CTGCTCTTGAAAAATAA 

-3’ 

Protein Sequence of BHV: 

MGSSHHHHHHSSGLVPRGSHMVSKGEETTMGVIKPDMKIKLKMEGNVNGHAFVIEGEGEGKP
YDGTNTINLEVKEGAPLPFSYDILTTAFAYGNRAFTKYPDDIPNYFKQSFPEGYSWERTMTFEDK
GIVKVKSDISMEEDSFIYEIHLKGENFPPNGPVMQKKTTGWDASTERMYVRDGVLKGDVKHKLL
LEGGGHHRVDFKTIYRAKKAVKLPDYHFVDHRIEILNHDKDYNKVTVYESAVARNSTDGMDELY
NPAPASGSGSGRVCPRILMECKKDSDCLAECVCLEHGYCGGSGSGSAPAPELPAPASGSGSGLM
RCKQDSDCLAGSVCTQVLSFVPWKFCGGSGSGSAPAPLKPAPASGSGSGLMRCRSDADCIEGRV
CSYFSQGFCGGSGSGSAPAPSLAEIAALEKEIAALEKEIAALEK* 

Blue = Hexa-His Tag, Gray = Thrombin cleavage site, Dark Green = TFP, Orange = 

(PA)2/(AP)2, Brown = (SG)3/(GS)3, Light green = B, Purple = H, Red = V, Yellow = E-coil 

leucine zipper 
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Primers used: 

Forward: 

BsrGI-(PA)2-(SG)3 – 5’-agtgtaTGTACAatCCAGCACCAGCGTCAGGTTCAGGTTCAGGT-3’ 

SacI-(PA)2-(SG)3 – 5’-agtgtaGAGCTCCCAGCACCAGCGTCAGGTTCAGGTTCAGGT-3’ 

AflII-(PA)2-(SG)3 –5’-agtgtaCTTAAGCCAGCACCAGCGTCAGGTTCAGGTTCAGGT-3’ 

NdeI-(PA)2-(SG)3–5’-agtgtaCATATGCCAGCACCAGCGTCAGGTTCAGGTTCAGGT-3’ 
 
Reverse: 

SacI-(AP)2-(GS)3– 5’-atgtgaGAGCTCAGGAGCAGGGGCACTTCCACTTCCACTTCC-3’ 

AflII -(AP)2-(GS)3– 5’-atgtgaCTTAAGAGGAGCAGGGGCACTTCCACTTCCACTTCC-3’ 

NheI-(AP)2-(GS)3– 5’-atgtgaGCTAGCgaAGGAGCAGGGGCACTTCCACTTCCACTTCC-3’ 

BlpI-(AP)2-(GS)3– 5’-atgtgataGCTCAGCAGGAGCAGGGGCACTTCCACTTCCACTTCC-3’ 

Protein expression and purification. 5 ml bacterial starter cultures were grown 

overnight from glycerol stocks at 37oC with shaking in LB media containing appropriate 

antibiotics. This was then transferred into 1 L of the same media and the cultures were 

grown till they attained O.D.600nm values between 0.4 and 0.8. Protein expression was 

then induced using isopropyl-β-D-1-thiogalactopyranoside (IPTG) at a final 

concentration of 0.1 mM. These cultures were grown overnight at 18ooC with shaking. 

The cultures were then spun down at 6,000 rcf for 10 mins at 4ooC and supernatants 

were discarded. Bacterial pellets were resuspended in 10mL BugBuster protein 

extraction reagent (Novagen) with 10 µL Benzonase (30 U/µL, Novagen) and gently 

shaken for 20 mins at 25oC. TFP-fused knottin constructs were then purified using His-

Select© Nickel affinity columns (Sigma Aldrich) into an elution buffer (pH 8) of 50 mM 

NaH2PO4 300 mM NaCl 250 mM imidazole. The purified TFP-fused knottins were then 

rebuffered into pH 7.4 phosphate buffered saline (PBS, Sigma Aldrich) using 30 kDa-

cutoff centrifugal filter units (Amicon Ultra). Concentrations of these TFP-fused 

miniprotein chains were determined from the absorbance value at λ = 467 nm and an 

extinction coefficient of 64,000 M-1cm-1.  

Trypsin inhibitor assay. β-trypsin cleaves peptides and proteins mainly at the carboxyl 

side of the amino acids lysine or arginine. During this experiment BAEE was used as a 

substrate for trypsin digestion. This produces an absorbance shift from λ = 230 nm to 

253 nm. The rate of reaction was determined for different concentrations of BAEE in 
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the presence and absence of the knottins by following the increase in absorbance using 

a 260 nm filter. All measurements were performed in PBS. 

Microscale Thermophoresis. Solutions containing 100 nM TFP-fused miniprotein chain 

were titrated with serially diluted concentrations of β-trypsin ranging from 0.2 nM to 

7.5 µM in PBS. Thermophoretic analyses were carried out in standard treated capillaries 

from Nanotemper using an LED power of 40% and MST power of 100% for 30 s. 

Thermophoresis was calculated as the ratio of the fluorescence intensity after and 

before local heating.  

SPRi. Easy2Spot® SensEye® pre-activated G-type sensors (Ssens bv, Enschede, The 

Netherlands) were used as gold SPR sensor surfaces. The sensors have a 100 nm 

hydrogel-like layer with pre-activated ester groups, enabling high capacity coupling of 

proteins on the surface. Proteins were spotted on the sensor surfaces using a 

Continuous Flow Microspotter (CFM) spotter. The CFM spotter can spot up to 48 

different ligands onto the sensor chip simultaneously under back and forth confined 

flow. For the spotting procedure, a 10 mM sodium acetate buffer with pH 4.5 

containing 0.003% Tween-20 was used as the immobilization buffer in which the 

proteins solutions were made. Spotting was done for 30 mins using 150 µL of protein 

solutions with concentrations serially diluted down from 5 µg/mL to 0.08 µg/mL after 

which the spots were briefly washed with the immobilization buffer for 2 mins. The 

spotted sensor was then transferred to the IBIS MX96 system for SPRi measurements 

and the RLL values of the signal spots were determined by subtracting the SPR-dips of 

the local reference spots. This system also uses back and forth flow for minimizing the 

amount of sample and reagents needed for a measurement. 1% BSA followed by 

100mM ethanolamine in immobilization buffer were flowed over the sensor for 8 mins 

each to deactivate the areas outside the spots and also unreacted ester groups within 

the spots. On the SPR image available, regions of interest (ROIs) were placed 

corresponding to the spotted regions from which measurements were recorded. Blank 

spots and unspotted areas were used as reference. For the SPR-i measurements, 

proteins were dissolved in the system buffer made up of PBS and 0.003% Tween-20, pH 

7.4. The measurements in Figures 4.5a-c followed the following sequence – 3 rounds of 

system buffer, 12 rounds of increasing concentrations of miniprotein chains (1, 2, 4, 8, 

16, 31, 62, 125, 250, 500, 1000, 2000 nM), 2 rounds of system buffer. Each round 

followed the following sequence of solutions – 1 min system buffer (baseline), 15 mins 

solution pertaining to that round (association), 4 -5s wash step with system buffer. For 

each round 150 µL solution was used. Initial flow speed to bring the appropriate 
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solution to the chip was 20 µL/s after which back and forth flow was maintained at 14 

µL/s. All measurements were carried out at 25oC. 

Native ESI-MS. The TFP-fused miniprotein chains, β-trypsin, VEGF165 and HIV-1 Nef were 

buffer exchanged to 0.150 M ammonium acetate (pH 7.5) at 4oC, using  seven 

sequential steps on a centrifugal filter with a cut-off of 10 kDa (Sartorius). The complex 

was sprayed at a concentration of 1-10 µM from borosilicate glass capillaries. An LCT 

electrospray time-of-flight instrument (Waters, UK) adjusted for optimal performance 

in high mass detection was used. Instrument settings were as follows - needle voltage 

around 1200V, cone voltage around 100 V, source pressure 6.5 mbar. All spectra were 

calibrated using a solution of 25 mg/ml CsI. Exact mass measurements of the individual 

miniprotein chains were acquired under denaturing conditions (5 % formic acid). All 

spectra associated with the tables in the main text have been provided here. 
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Figure 4.6. Native mass spectra of a) β-trypsin, b) VEGF165 and c) HIV-1 Nef. 
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Figure 4.7. Native mass spectra of a) BHV, b) β-trypsin:BHV (1:2) and c) β-trypsin:BHV (2:1) 
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Figure 4.8. Native mass spectra of a) BVB, b) β-trypsin:BVB (1:2) and c) β-trypsin:BVB (2:1) 
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Figure 4.9. Native mass spectra of a) HBH, b) β-trypsin:HBH (1:2) and c) β-trypsin:HBH (2:1) 
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Figure 4.10. Native mass spectra of a) VHV and b) β-trypsin:VHV (1:2).  
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Figure 4.11. Native mass spectra of a) β-trypsin:BHV (1:1),  b) β-trypsin:BVB, c) β-trypsin:HBH, d) β-
trypsin:VHV. In these samples, the proteins were pre-incubated together in PBS after which buffer 
exchange into AmAc was done. 
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Chapter 5  

Optical control over bioactive ligands at supramolecular 

surfaces 

In this chapter azobenzene modified glycoconjugates are used to establish an optically 

controllable platform to present bioactive ligands at a supramolecular β-cyclodextrin (β-

CD) surface. The binding affinity of an azobenzene glycoconjugate on β-CD self-assembled 

monolayers (SAMs) was determined using quartz crystal microbalance (QCM) 

measurements and differences between the binding of trans and cis forms of azobenzene 

were also observed. The photoresponsive immobilization of a lectin, Conconavalin A 

(ConA) and E. coli on these supramolecular surfaces was evaluated through QCM 

measurements and using microcontact printed arrays of azobenzene compounds on β-CD 

SAMs. This work provides insights into the possibility of developing responsive surfaces 

for biomedical applications where biological entities can be immobilized and released 

under mild conditions. 
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5.1. Introduction  

Dynamic arrays of bioactive ligands have recently attracted much interest since they 

enable real-time control over surface properties by employing external and remote 

triggers.1–3 While arrays of biomolecules have been applied in various areas of 

biomedical and bioanalytical research,4 stimuli responsive behaviour of these surfaces 

can easily be offered by supramolecular chemistry. Employing supramolecular 

chemistry not only delivers improved specificity, directionality and tunability of the 

interaction motifs and strengths but responsiveness of the presentation of bioactive 

ligands at surfaces can be achieved as well.5  

Supramolecular bioactive surfaces that employ host molecules, such as cucurbit[n]urils 

(CB[n])6–8 and cyclodextrins (CD),9,10 have been recently employed. These cyclic 

structures have the ability to encapsulate hydrophobic bulky guest molecules such as 

adamantane and ferrocene. Approaches to fabricate such supramolecular bioactive 

platforms involve attaching the host molecules directly to the surface by using covalent 

silane chemistry on glass,11,12 thiol chemistry on gold13,14 or in the case of CBs, even 

coordinative chemistry between gold surfaces and the glycouril oxygens has been 

reported.15,16 For example, we supramolecularly printed proteins bearing a ferrocene 

unit on β-CD monolayers to achieve electrochemical responsive protein arrays.9,17 

Ferrocene, which binds as neutral species to β-CD, but does not in the oxidized state, 

was erased from printed arrays following an external electrochemical stimulus.9 

Alternatively, non-covalent strategies can be employed by fixing the guest molecules to 

the surface and allowing the host to bind from solution.18 This strategy has been 

successfully utilized in the case of electro-responsive peptide surfaces based on 

CB[8]7,8,19 and some CD based systems.20 Onto this type of supramolecular surfaces, we 

supramolecularly attached napthol-modified fluorescent proteins and tryptophan-

modified RGD peptides modified biomolecules on methylviologen monolayers in the 

presence of CB[8].7,21 These latter surfaces were used for the supramolecular 

detachment of cells when RGD peptides were used following an external reductive 

potential.7 Although redox-responsive supramolecular bioactive surfaces have been 

demonstrated to have important biomimetic potentialities, reports on photoresponsive 

CD based surface systems are scarce.22 Photosensitive host–guest complexes are of 

significant interest as light can be applied in a remote manner as an external stimulus 

and offers precise control over wavelength. 

Here we report a novel approach on the use of highly ordered monolayers of β-CD on 

gold and glass surfaces to immobilize glycoconjugates via a photoresponsive 
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azobenzene moiety (Figure 5.1). Azobenzenes are well known molecules in the field of 

supramolecular chemistry since they bear the opportunity to bind to CDs and CBs in the 

stable trans form and can be released from the cavity after UV-irradiation by conversion 

into the bulkier, more hydrophilic cis-azobenzene.1,23–25 Although this behaviour has 

been successfully used in previous studies to fabricate photoresponsive 

supramolecular nanoparticles and polymers based on CB[8]26–28 as well as light 

responsive systems consisting of amphiphilic CDs to induce aggregation,29 to transport 

DNA and proteins30,31 and to tune the wettability32,33 and to modulate the assembly of 

cells22 and gels,34 no previous report has demonstrated optical control over protein and 

bacterial immobilization on β-CD modified surfaces. In this chapter, we address whole 

protein and bacterial immobilization and their optical control on the supramolecular 

platform, which is significantly more complex than previous photoresponsive 

supramolecular studies in solutions. 

 

Figure 5.1. Assembly of bioactive ligands with photoswitchable properties on a β-cyclodextrin 

monolayer. Given molecular structures are used in this chapter. 
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5.2. Results and Discussions 

5.2.1. QCM Characterization 

Herein, two glycoconjugates were synthesized bearing an azobenzene unit linked via a 

tetraethyleneglycol unit to either mannose or galactose (Figure 5.1). Mannose is known 

to bind carbohydrate specific lectins such as concanavalin A (ConA) and the well-known 

FimH receptor on pathogenic bacteria like E. coli. Furthermore, a fluorescently labelled 

azobenzene derivative bearing a rhodamine unit was synthesized (Figure 5.1, Azo-Rhd) 

to visualize azobenzenes assembled onto β-CD surfaces. To measure the binding 

affinity of azobenzenes to the β-CD monolayer on gold, a titration series of Azo-Man 

over a range of 25 μM–1 mM was performed using quartz crystal microbalance (QCM) 

at a flow rate of 100 μL min−1 followed by extensive washing with buffer (Figure 5.2A). 

Binding events caused a drop in the resonance frequency of the crystal and the 5th 

harmonic was followed as it presented the best signal to noise ratio. In all QCM studies 

performed dissipation was also monitored, but the change appeared negligible. In 

order to determine the association constant, the values of the changes in frequency at 

saturation were plotted against concentrations of Azo-Man. Fitting using the Langmuir 

equation yielded a Ka value of 5.8 × 103 M−1 for binding of Azo-Man onto β-CD 

monolayers (Figure 5.2B). This value favourably compares to the binding affinity of 

azobenzene to β-CD in solution, which was previously determined by isothermal 

titration calorimetry (ITC) in aqueous media (Ka = 2.4 × 103 M−1).30,31 With this 

knowledge, the difference in binding between cis and trans-forms of Azo-Man (Figure 

5.2E) on the β-CD monolayer was investigated. To this end, a 250 μM solution of Azo-

Man was irradiated with UV light (λ = 365 nm) for 10 min prior to injection in the flow 

chamber. As expected, a significant difference in frequency change was observed 

between the cis-and trans-forms of Azo-Man, signifying a lower affinity of the cis-Azo to 

the β-CD SAM. Since the photoisomerization efficiency is about 80% as determined 

from 1H-NMR studies,30 (Figure S5.1, Section 5.7, Supporting Information) about 50 μM 

still remains in the trans-form which nicely accounts for the observed residual change in 

frequency signal of −6 (Figure 5.2C). In a final QCM experiment, the binding of ConA 

onto β-CD SAMs bearing carbohydrate Azo-Man was investigated and using Azo-Gal as 

negative control. Flowing 1 mM solutions of glycoconjugates over a β-CD SAM on gold, 

led to a significant change in frequency similar to what was seen in the previous 

measurements. Subsequently, a 50 μg mL−1 solution of ConA was led over the 

carbohydrate bearing surfaces. In the case of the Azo-Man surface, this caused the 

frequency to dramatically change, corresponding to the adsorption of ConA onto this 
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surface (Figure 5.2D). The Azo-Gal control surface exhibited a much smaller QCM 

response showing that ConA binding occurs specifically to mannose. Washing with 

buffer resulted in dissociation of ConA, which occurred at a reduced rate compared to 

the association to Azo-Man. This observation is probably related to the tetrameric 

nature of ConA that could bind two mannose units on a flat surface. Consequently, this 

causes it to be able to bind to Azo-Man at the β-CD monolayer in a bivalent manner. 

Washing with an excess of (D)-mannose leads to a higher dissociation rate of the 

proteins from the Azo-Man surface, supporting the fact that binding occurs specifically. 

 

Figure 5.2.  (A) QCM measurements of Azo-Man at varying concentrations on a β-CD-SAM. (B) 

Binding curve of Azo-Man to β-CD-SAM. (C) Differences in QCM response between cis-Azo-Man and 

trans-Azo-Man on a β-CD-SAM. (D) Immobilization of ConA onto Azo-Man and Azo-Gal at β-CD-SAM. 

Legends: (1) incubation with Azo-Man or Azo-Gal, (2) washing with PBS, (3) incubation with ConA, 

(4) washing with (D)-mannose. (E) trans–cis isomerisation of Azo-Man.  
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5.2.2. Microcontact printing 

To visualize the optical control over the assembly of bioactive molecules, microcontact 

printing was performed on β-CD modified glass substrates and imaged using 

epifluorescence microscopy. In a first experiment, a 500 μM Azo-Man solution mixed 

with 2.5 μM Azo-Rhd was printed using a PDMS-stamp. Following brief washing with 

water patterns of dots that are 100 μm in diameter with a spacing of 100 μm were 

clearly observed, as seen in Figure 5.3A, indicating the successful immobilization of the 

inked molecule onto the β-CD surfaces. Next, Azo-Man was printed in lines on the β-CD 

surface and backfilled with protein repellent Azo-PEG5000. The patterned substrate was 

then incubated with a fluorescein-conjugated ConA and washed briefly. This 

experiment produced clear patterns of immobilized ConA indicating the successful 

interplay of two orthogonal supramolecular interactions on the β-CD surface (Figure 

5.3B). As a next step, the suitability of these supramolecular Azo-Man surfaces for 

binding of bacterial cells was investigated. Two different strains of E. coli were selected 

that differ only in their mannose binding properties to assess whether the mannose-

functionalized supramolecular surfaces can interact with E. coli. In addition to a strain 

that binds to mannose (ORN-178), a second strain (ORN-208) was used where its FimH 

receptor was mutated to eliminate mannose binding. In a first experiment, two β-CD 

surfaces with immobilized Azo-Man were separately incubated with the two bacterial 

strains. Both substrates were then incubated with Hoechst H33342 to stain the DNA in 

the bacteria. Representative images are shown in (Figure 5.3C & 5.3D). From these 

images it can be seen that only the ORN-178 strain was able to successfully interact 

with the surface. After washing the bacterial cells remained stably bound at the 

surface. In the case of ORN-208 a negligible number of surface-immobilized bacterial 

cells were observed, confirming the selectivity of the supramolecular system. Finally, 

we printed the Azo-Man in line patterns and backfilled the interspace with Azo-PEG5000 

to avoid non-specific interactions. After DNA staining of ORN-178, clear line patterns of 

blue bacteria were observable (Figure 5.3E) showing the possibility to assemble 

bacteria in patterns on Azo-Man surfaces.  



Photo-responsive bioactive β-cyclodextrin platform Chapter 5 

 

 

 

113 

 

Figure 5.3. Fluorescence microscopy images of surfaces where (A) Azo-Man/Azo-Rhd (200/1) was 

printed on a β-CD SAM, Azo-Man was assembled on β-CD SAMs followed by incubation with (B) 

fluorescein-conjugated ConA, (C) E. coli strain ORN-208, (D) and (E) E. coli strain ORN-178. The scale 

bars represent 100 μm. 

The binding of the bacteria to Azo-Man was also confirmed using QCM (Figure 5.4). A β-
CD SAM on gold was initially exposed to a solution of Azo-Man (500 µM) followed by 
flowing of ORN178 (in the presence of Azo-Man), which produced a clear change in 
frequency, which remained unchanged on switching to Azo-Man only. Changing to a 
flow of buffer and subsequently to a solution of β-CD showed a change in frequency 
that is indicative of competitive binding of the cyclodextrin in solution with surface 
bound azobenzene. 
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Figure 5.4. (a) QCM response curve (ΔFrequency of 5th harmonic) for bacterial surface 

immobilization. (b) Representative area on sensor chip after all measurements were visualized 

under a microscope in bright field mode. Bacteria are seen as small black rods. Scale bar corresponds 

to 100 µm. 

5.2.3. Photo-responsiveness 

To assess the photo-responsiveness of the supramolecular system, patterns of Azo-

Man mixed with 1% Azo-Rhd were printed on two β-CD modified glass substrates and 

imaged with a fluorescence microscope. Both surfaces were then placed in water for 5 

min with one substrate exposed to 365 nm UV light while the other substrate was kept 

in the dark. Fluorescence images were again recorded (Figure 5.5A) and intensity 

profiles were made and averaged over a 7 mm2 area and plotted as percentage of the 

intensity prior to washing (Figure 5.5C). The substrate that was not irradiated with the 

365 nm light retained nearly 50% of its original fluorescence intensity, which 

corresponds to the dissociation as observed in our QCM experiments. In strong 

contrast, the substrate exposed to the UV irradiation, lost almost all its original 

fluorescence intensity, which can be attributed to the photoisomerization of the 

azobenzene units. To extend the photo-control of the supramolecular system towards 

ConA protein assembly, a similar experiment was conducted where printed Azo-Man 

was released from a β-CD surface using UV irradiation and backfilled with Azo-PEG5000. 

A non-irradiated substrate was used as comparison. Fluorescein-conjugated ConA 

(ConA-FAM) was then allowed to interact with these surfaces. Fluorescence 

microscopy images revealed clear line patterns on the non-irradiated surface and very 
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faint patterns under high exposure conditions on the irradiated surface (Figure 5.5B & 

5.5D). Optical release of a ConA-Cy3 conjugate bound to Azo-Man patterns on β-CD 

surfaces was tested (Figure S5.2, Section 5.7, Supporting Information). UV irradiation 

caused dissociation in the ConA-Cy3 from the Azo-Man patterns, however washing and 

incubation steps seemed to have resulted in diffusion of ConA-Cy3 over the whole 

surface.  

 

Figure 5.5. (A) Fluorescence microscopy image of Azo-Rhd immobilized on CD-SAMs before and after 

irradiation with UV-light. (B) Fluorescein labeled ConA-FAM immobilized on Azo-Man before and 

after irradiation with UV light. (C) Intensity profile of Azo-Rhd before and after irradiation with UV 

light. (D) Intensity profile of ConA-FAM immobilized on Azo-Man before and before and after 

irradiation with UV light. Scale bars represent 100 μm. 

5.3. Conclusions  

We have described a supramolecular approach for achieving for the first time 

supramolecular optical control of biomolecules by an external light stimulus. We were 

able to successfully determine the binding affinity of glycoconjugates on β-cyclodextrin 

SAMs by QCM measurements. Furthermore, several fluorescence microscopy images 

showed the effective immobilization of azobenzene functionalized dyes and 
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carbohydrates that can specifically interact with proteins and bacteria. Furthermore it 

was shown that azobenzene molecules can be released by an external light stimulus 

and modulate the assembly of ConA proteins. Taken into account that larger biological 

entities, such as bacteria, have about 200 FimH receptors on its membrane surface and 

that ca. 20% of the azobenzene moieties that has been used in this study remain in its 

trans-conformation after UV-light irradiation, a significant number of receptors would 

hold the binding of bacteria to the substrate. However, further optimization of the 

azobenzene modification, linker lengths and surface assembly strategy will broaden 

possible applications of our work. The current work bears the potential for further 

purposes such as analysis of surface bound proteins by ligands which can be removed 

under mild conditions.  
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5.5. Experimental Section 

Materials. Chemicals were purchased from Sigma Aldrich or from Acros Organics and 

used without further purification. Reactions were carried out using dried solvent and 

under an atmosphere of argon. Reactions were monitored by thin-layer 

chromatography (TLC), which was performed on 0.2 mm Merck precoated silica gel 60 

F254 aluminum sheets. Spots were visualized by treatment with basic KMnO4 solution. 

Column chromatography was carried out on silica gel 60 (0.063-0.2 mm, Merck). NMR 

spectra were recorded on Bruker spectrometers (AV400). Chemical shifts are given in 

units of parts per million (ppm) and expressed relative to the signals of deuterated 

solvents. Coupling constants (J) are reported in Hertz (Hz). Mass spectra were 

recorded with a MicroToF spectrometer (Bruker). 
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Synthesis of the azobenzene-carbohydrate conjugates. 

 

Figure 5.6. Synthesis route to the azobenzene substituted glycosides. 

The synthesis of compound 2, 3, 4, 7, 8, 10 and 11 was carried out according to a known 

literature procedure.35,36 

2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2)36 

To a stirred solution of (1) (30.0 g, 154 mmol, 1 eq.) in 

CH2Cl2 was added NEt3 (1,2 mL, 10 mmol, 1 eq.) and a 

catalytic amount of DMAP (50 mg). The mixture was stirred for 30 minutes. After that 

time p-toluenesulfonylchloride was added portionwise (7.24 g, 39 mmol, 1 eq.). The 

reaction mixture was stirred overnight followed by evaporation of the solvent. The 

residue was redissolved in chloroform and extracted three times with water. The 

organic layer was separated and dried over MgSO4. The solvent was removed under 

reduced pressure. The title compound was obtained as colorless oil. Yield: 9.51 g, 70 %. 
1H NMR (300 MHz, CDCl3, 298 K): δ = 2.37 (s, 3H, 1-H), 3.44-3.51 (m, 10H, 8-11-H), 3.61 (t, 

2H, 7-H), 4.09 (t, 2H, 6-H), 7.27 (d, J = 6.0 Hz, 2H, 3-H), 7.73 (d, J = 6.0 Hz, 2H, 4-H). ESI-
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MS (m/z): calculated for [C13H20O6SNa]+: 329.1814, found: 329.1911.The spectroscopic 

data are in agreement with those reported in literature. 

(E)-2-(2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethanol (3)30  

To a stirred solution of (2) (5.23 g, 15 

mmol) in 150 ml of dry acetonitrile, 

containing of K2CO3 (10.37 g, 75 mmol) 

and catalytic amounts of LiBr, (3.17 g 16 

mmol) of 4-phenylazophenol dissolved in 50 ml of acetonitrile was added and the 

reaction mixture was refluxed for 2 days under argon. It was then allowed to cool to 

room temperature and the solvent was removed under reduced pressure. The residue 

was dissolved in 100 ml of DCM, washed once with 100 ml of water and three times 

with 100 ml of brine. The organic phase was dried over MgSO4 and concentrated. The 

residue was purified by silica gel column chromatography (DCM / methanol 95:5) to 

afford the title compound. Yield: 5.11 g, 91 %. 1H NMR (300 MHz, CDCl3, 298 K): δ = 2.57 

(s, 1H, 15-H), 3.58 – 3.50 (m, 2H, 14-H), 3.72 – 3.61 (m, 10H, 11,12,13-H), 3.83 (m, 2H, 10-H), 

4.16 (m, 2H, 9-H), 7.03 – 6.95 (m, 2H, 10,11-H), 7.50 – 7.35 (m, 3H, 1,2,-H), 7.92 – 7.80 (m, 

4H, 3,6-H). The spectroscopic data are in agreement with those reported in literature 

(E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-4-

methylbenzensulfonate (4) 

To a stirred solution of (3) (3.00 g, 10 

mmol, 1 eq.) in CH2Cl2 was added NEt3 

(1,2 mL, 10 mmol, 1 eq.) and a catalytic 

amount of DMAP (50 mg). The mixture 

was stirred for 30 minutes. After that time p-toluenesulfonylchloride was added 

portionwise (2.07 g, 10 mmol, 1 eq.). The reaction mixture was stirred overnight 

followed by evaporation of the solvent. The residue was redissolved in chloroform and 

extracted 3 times with water. The organic layer was separated and dried over MgSO4. 

The solvent was removed under reduced pressure. The residue was subjected to silica 

column chromatography (CHCl3). The product was obtained as orange oil. Yield: 1,78 g, 

33 %. 1H-NMR (400 MHz, CDCl3): 7.89-7.84 (m, 4H, 4CH); 7.76-7.74 (d, 2H, 2CH); 7.48-7.45 

(m, 2H, 2CH); 7.42-7.40 (m, 1H, CH); 7.29-7.27 (m, 2H, 2CH); 7.00-6.98 (m, 2H, 2CH); 4.18-

4.16 (m, 2H, CH2); 4.13-4.10 (m, 2H, CH2); 3.86-3.83 (m, 2H, CH2); 3.68-3.54 (m, 10H, 5CH2); 

2.37 (s, 3H, CH3). ESI-MS (m/z): calculated for [C27H32N2O7SH]+: 529.1930, found: 

529.1976.  
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(E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-azide (5) 

To a stirred solution of (4) (150 mg, 0.28 

mmol, 1 eq) in 10 mL of DMF was added 

NaN3 (100 mg, 1.51 mmol, 5.4 eq.) and the 

suspension was heated to 80°C and stirred 

overnight. After that, the solvent was removed in vacuo and the crude residue was 

dissolved in 20 mL of CHCl3 and washed three times with 20 mL of distilled water. The 

organic layer was collected and dried over MgSO4. The solvent was evaporated and the 

title compound was obtained as orange-brown oil. Yield: 103 mg, 91 %. 1H-NMR (400 

MHz, CDCl3): 7.90-7.86 (m, 4H, 4CH); 7.46-7.43 (m, 2H, 2CH); 7.43-7.41 (m, 1H, CH); 7.02-

7.00 (m, 2H, 2CH); 4.21-4.18 (t, 2H, J = 4.6 Hz CH2); 3.89-3.86 (t, 2H, J = 4.6 Hz, CH2); 3.72-

3.63 (m, 10H, 5CH2); 3.43-3.34 (t, 2H, J = 4.6 Hz, CH2). ESI-MS (m/z): calculated for 

[C20H25N5O4H]+: 400,1907 found: 400.0972.  

(E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-triazoyl-

peracetylmannopyranoside (12) 

To a mixture of (5) (50 mg) and 

(8) (50 mg) in a degassed 

solvent mixture of MeOH, DMF 

and water (1:2:1) was added 

sodium ascorbate (20 mg) and CuSO4 (10 mg). The suspension was stirred for 24 h 

under an atmosphere of argon followed by evaporation of all solvents. The residue was 

dissolved in CHCl3 (1 mL) and subjected to silica column chromatography (CHCl3/MeOH, 

9:1). The product was obtained as brown-orange oil. Yield: 91 mg, 92%. 1H-NMR (400 

MHz, CDCl3): 7.87-7.81 (m, 4H, 4CH); 7.77 (s, 1H, CHtriazole); 7.47-7.43 (m, 2H, 2CH); 7.41-

7.37 (m, 1H, CH); 6.99-6.96 (m, 2H, 2CH); 5.27-5.25 (m, 2H, 2CH); 5.20-5.19 (m, 1H, CH); 

4.92 (d, 1H, J = 1,6 Hz, CH); 4.71 (dd, 2H, J = 12,2 Hz, 53.1 Hz); 4.51–4.48 (2H, J = 5.2 Hz, 

CH2); 4.29-4.23 (m, 1H, CH); 4.18-4.16 (2H, J = 4.9Hz, CH2); 4.08 (d, 1H, J = 2.4Hz, CH); 

4.05-4.02 (m, 1H, CH); 3.86-3.82 (m, 4H, 2CH2); 3.71-3.69 (m, 2H, CH2); 3.64-3.61 (m, 2H, 

CH2); 3.60-3.57 (m, 4H, 2CH2); 2.09 (s, 3H, CH3); 2.07 (3H, CH3); 1.98 (s, 3H, CH3); 1.93 (s, 

3H, CH3). 13C-NMR: (100 MHz, CDCl3): 170.90, 170.86, 170.17, 170.01, 169.86, 161.33, 152.80, 

147.18, 143.33, 130.55, 129.16, 124.84, 124.51, 122.67, 114.92, 96.88, 92.29, 77.43, 70.96, 

70.67, 70.63, 70.62, 69.72, 68.78, 67.82, 66.43, 66.15, 66.15, 62.47, 61.71, 60.97, 50.45, 

20.99, 20.91, 20.82, 20.79. ESI-MS (m/z): calculated for [C37H47N5O14H]+: 786.3198 found: 

786.0652. 



Chapter 5  Photo-responsive bioactive β-cyclodextrin platform 

 

120 

 

(E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-triazoyl-

mannopyranoside (13) 

Compound (12) (90 mg, 0.11 

mmol) was dissolved in 10 

mL of dry methanol followed 

by the addition of a 

catalytical amount of NaOMe (20 mg). After 30 minutes Amberlite® IR 120 (H+) ion 

exchange resin was added until a pH of 3 was reached. The resin was filtered off and 

the solution was evaporated to dryness. The title compound was obtained as an 

orange-brown hygroscopic solid. Yield: 61 mg, 87%.1H-NMR (400 MHz, CD3OD): 8.22 (s, 

1H, CHtriazole);7.82-7.79 (m, 4H, 4CH); 7.46-7.44 (m, 2H, 2CH); 7.42-7.40 (m, 1H, CH); 7.02-

7.00 (d, 2H, J = 8.8 Hz, 2CH); 4.82 (s, 1H, CH); 4.71 (dd, 2H, J = 46,2 Hz, 12,7 Hz, CH2); 4.56 

(t, 2H, J = 5Hz, CH2); 4.15 (t, 2H, J = 4.8 Hz; CH2); 3.84 (t, 2H, J = 4.7 Hz, CH2); 3.81-3.79 (m, 

2H, CH2); 3.77 (bs, 1H, CH); 3.67-3.62 (m, 4H, 1CH2, 2CH); 3.59-3.55 (m, 8H, 4CH2); 3.50-

3.47 (m, 1H, CH). 13C-NMR: (100 MHz, CD3OD): 168.90, 163.00, 154.10, 148.32, 131.73, 

130.86, 130.27, 127.43, 127.16, 125.83, 123.58, 116.04, 101.26, 96.38, 75.20, 71.95, 71.80, 

71.56, 71.53, 71.46, 70.74, 69.96, 69.07, 68.79, 68.58, 62.98, 60.12, 52.49. ESI-MS (m/z): 

calculated for [C29H39N5O10H]+: 617.27 found 617.97 

(E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-triazoyl-

peracetylgalactopyranoside (14) 

To a mixture of (11) (50 mg) and 

(5) (60 mg) in a degassed solvent 

mixture of MeOH, DMF and water 

(1:2:1) was added sodium 

ascorbate (20 mg) and CuSO4 (10 mg). The suspension was stirred for 24 h under an 

atmosphere of argon followed by evaporation of all solvents. The residue was 

dissolved in CHCl3 (1 mL) and subjected to silica column chromatography (CHCl3/MeOH, 

9:1). The product was obtained as an orange oil. Yield: 88 mg, 89%.1H-NMR (400 MHz, 

CDCl3): 7.88-7.82 (m, 4H, 4CH); 7.72 (bs, 1H, CHtriazole); 7.46 (t, J = 7.2 Hz, 2H, 2CH); 7.40 (t, 

J = 7.2 Hz, 1H, CH); 6.98 (d, J = 8.7 Hz, 2H, 2CH); 5.36 (d, J= 3.3 Hz, 1H, CH); 5.18-5.16 (m, 

1H, CH); 4.99-4.97 (m, 1H, CH); 4.85 (dd, J= 12Hz, 43 Hz, 2H, CH2); 4.63 (d, J= 6Hz, 1H, 

CH); 4.51-4.48 (m, 2H, CH2); 4.18 (t, J = 4.3 Hz, 2H, CH2); 4.13-4.11 (m, 2H, CH2); 3.91 (t, J = 

6.6 Hz, 1H, CH); 3.86-3.83 (m, 4H, 2CH2); 3.70 (t, J = 4 Hz,  2H, CH2); 3.63-3.59 (m, 6H, 3 

CH2); 2.10 (s, 3H, CH3); 2.02 (s, 3H, CH3); 1.94 (s, 3H, CH3); 1.93 (s, 3H, CH3). 13C-NMR: (100 

MHz, CDCl3): 170.27, 170.10, 170.08, 169.92, 169.36, 161.05, 152.53, 146.91, 130.27, 128.88, 
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124.56, 122.39, 114.65, 100.14, 95.35, 90.44, 77.12, 70.69, 70.62, 70.42, 70.38, 70.33, 69.46, 

69.20, 68.59, 67.56, 66.90, 62.56, 61.10, 50.21, 20.57, 20.54, 20.50, 20.41. calculated for 

[C37H47N5O14H]+: 786.3198 found: 786.0656. 

 (E)-2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl-triazoyl-

galactopyranoside (15) 

Compound (14) (90 mg, 

0.11 mmol) was dissolved 

in 10 mL of dry methanol 

followed by the addition 

of a catalytic amount of 

NaOMe (20 mg). After 30 minutes Amberlite® IR 120 (H+) ion exchange resin was added 

until a pH of 3 was reached. The resin was filtered off and the solution was evaporated 

to dryness. The title compound was obtained as an orange-brown hygroscopic solid. 

Yield: 66 mg, 97%.1H-NMR (400 MHz, CD3OD): 8.07 (s, 1H, CHtriazole); 7.91-7.85 (m, 4H, 

4CH); 7.54-7.52 (m, 2H, 2CH); 7.48-7.46 (m, 1H, CH); 7.09 (d, J = 9.1 Hz, 2H, 2CH); 4.96 (d, 

J = 12.4 Hz, 1H, CH2); 4.76 (d, J = 12.4 Hz, 2H CH2); 4.55 (t, J = 4.9 Hz, 2H, CH2); 4.33 (d, J = 

7.6 Hz, 1H, CH); 4.24-4.22 (m, 2H, CH2); 3.89-3.86 (m, 4H, 2CH2); 3.82-3.70 (m, 4H, 2CH2);  

3.62-3.57 (m, 6H, 3CH2); 3.55-3.52 (m, 2H, CH2); 3.48-3.44 (m, 1H, CH). 13C-NMR: (100 MHz, 

CD3OD): 163.43, 154.13, 148.60, 131.66, 130.23, 128.41, 126.15, 125.78, 123.54, 116.05, 

104.27, 76.84, 74.94, 71.82, 71.59, 71.50, 70.76, 70.38, 70.35, 69.07, 63.01, 62.62, 51.47. 

ESI-MS (m/z): calculated for [C29H39N5O10H]+: 617.27 found: 617.93. 

Rhodamine-azobenzene conjugate (16) 

 (2) (300 mg, 0,8 mmol) was 

dissolved in 20 mL of 

dichloromethane followed by the 

addition of HOBt (110 mg, 0,8 

mmol) and EDCI (0,13 mL, 0,8 

mmol). After 20 minutes of stirring rhodamine B (380 mg, 0.8 mmol) was added and 

stirring was continued for 18 h. After that time the solvent was removed in vacuo and 

the residue was subjected to silica gel column chromatography. (DCM/EtOH – 9:1, Rf = 

0,88), Yield: 58 mg, 9%. 1H-NMR (400 MHz, CDCl3): 8.30 (dd, J = 7.0 Hz, 0.7 Hz, 1H, CH); 

7.91-7.83 (m, 4H, 4CH); 7.78 (dt, J = 6.5 Hz, 0.8 Hz, 1H, CH); 7.69 (dt, J = 7.0 Hz, 0.8 Hz, 

1H, CH); 7.50-7.39 (m, 3H, 3CH); 7.29 (d, J = 7.5 Hz, 1H, CH); 7.04-6.96 (m, 4H, 4CH); 6.82-

6.80 (m, 4H, 4CH);4.22-4.16 (m, 2H, CH2);  3.89-3.84 (m, 2H, CH2); 3.75-3.52 (m, 20H, 10 
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CH2);  1.27 (t, J = 7.0 Hz, 12H, 4CH3). 13C-NMR: (100 MHz, CDCl3): 165.66, 161.91, 159.52, 

158.47, 156.19, 153.43, 153.38, 147.79, 147.74, 134.39, 133.86, 132.17, 131.98, 131.16, 131.08, 

131.04, 130.99, 130.40, 129.75, 129.72, 127.50, 125.41, 123.25, 116.86, 115.57, 115.53, 115.49, 

114.79, 114.26, 97.11, 77.83, 73.23, 71.53, 71.52, 71.34, 71.26, 71.22, 71.17, 70.98, 70.31, 69.39, 

68.42, 68.38, 46.77, 30.39, 13.32. ESI-MS: calculated for [C48H55N4O7]+: 799.4065, found 

799.5651. 

 

Figure 5.7. 1H-NMR and 13C-NMR of compound (12) in CDCl3 
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Figure 5.8. 
1H-NMR and 13C-NMR of compound (14) in CDCl3. 

 

Figure 5.9. 1H-NMR and 13C-NMR of compound (13) in CDCl3 
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Figure 5.10. 1H-NMR and 13C-NMR of compound (15) in CDCl3. 

 

Figure 5.11. ESI-TOF-MS of A) compound (15) and B) compound (13) 
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Figure 5.12. TOF MS-ES+ spectrum of compound (16) 

Monolayers on gold substrates for QCM. Standard gold coated QCM sensors from Q-

sense (QSX301) were cleaned by immersing them in piranha (1:3 mixture of 

concentrated H2SO4 and 30% H2O2 ) for 15 s. (Warning: piranha should be handled with 

caution; it can detonate unexpectedly). After thorough rinsing with MilliQ water, they 

were placed in absolute ethanol for 10 min. The substrates were subsequently placed in 

a freshly prepared 0.1 mM solution of β-CD heptathioether in EtOH and CHCl3 (1:2 v/v) 

for 16 h at 60 ° C. The substrates were then rinsed with CHCl3, EtOH and MilliQ water.   

Monolayers on glass substrates for microcontact printing. The glass substrates were 

cleaned and activated by immersing in piranha for 30 mins followed by washing with 

water, ethanol and thorough drying. The surface was then functionalized with N-[3-

(trimethoxysilyl)propyl]ethylenediamine (TPEDA) by overnight chemical vapor 

deposition using a vacuum desiccator. The substrates were then thoroughly cleaned 

using ethanol and toluene after which it was incubated in a 1mM solution of 1,4-

phenylene di-isothiocyanate (ITC) in dry toluene for 2 hr at 500C. The substrates were 

then washed thoroughly with toluene, ethanol and water and finally incubated with a 

1mM solution of per-6-amino-β-cyclodextrin in MilliQ water for 2 hr at 500C. The 

substrates were finally washed thoroughly with water, dried and stored in N2 

atmosphere until use. 

[C48H55N4O7]
+
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QCM experiments. The QCM experiments were conducted using the Q-Sense E1 

instrument with the standard Flow Module. All binding studies were conducted with a 

flow rate of 100 µL/min at a temperature of 22 0C. Resonance frequency and dissipation 

values were determined automatically by the instrument and only the changes in these 

values were presented as the response. Binding affinity experiments of Azo-Man onto 

β-CD monolayers were done using water as the solvent. Binding experiments involving 

ConA and bacteria were done in a 10 mM HEPES, 137 mM NaCl, pH 7 buffer containing 

1mM MnCl2 and 1mM CaCl2. 

Microcontact printing. Poly(dimethylsiloxane) (PDMS) stamps were prepared by 

casting a 10:1 (v/v) mixture of Sylgard 184 elastomer and curing agent (Dow Corning) 

against a patterned silicon master. After curing the stamps at 60°C overnight, they 

were peeled off from the master before using. The individually cut out stamps were 

inked with the solution containing the azobenzene compounds for 10 mins after which 

they were dried with a stream of N2 gas. These were then stamped on the substrate for 

10 mins with 15 g weight on top. The substrate was then briefly washed with water and 

dried. Backfilling was done by incubating with a 1 mM Azo-PEG5000 solutions for 5 

mins. Finally, the protein or bacteria were immobilized by incubating them on the 

substrate for 10 mins. 

Bacterial immobilization. The bacterial strains ORN178 and ORN208 (kind gift from 

Prof. Luc Brunsveld, TU/e) were grown overnight in LB media using tetracycline as the 

selective antibiotic. These were then spun down at 5000g for 10 mins and the 

supernatant was discarded. The bacteria were washed twice with 10 mM HEPES, 137 

mM NaCl, pH 7 buffer by centrifugation and resuspension. Finally the bacteria were 

reconstituted in this buffer and their optical density at 600 nm was measured. For QCM 

and microcontact printing, the bacterial solutions were then diluted down to an O.D. of 

0.1 and MnCl2, CaCl2 were added to final concentration of 1 mM each. 

Fluorescence studies. An Olympus microscope IX71 with appropriate filters were used 

for recording fluorescent images.  

ConA was conjugated with fluorescein using 5-carboxyfluorescein, succinimidyl ester 

(5-FAM) from Molecular Probes Europe. 5-FAM was added to a 1 mg/mL solution of 

ConA in pH 9 carbonate buffer to obtain a final dye concentration of 200 µM. This was 

incubated at room temperature for 60 mins with occasional shaking. The dye-

conjugated protein was then separated from unreacted dye and rebuffered into the 

above mentioned buffer using Zeba desalting spin column with a cutoff of 7 kDa. ConA 

was conjugated with Cy3 dye from GE Healthcare using a similar protocol. 
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Surface immobilized bacteria were stained with a 1 µg/mL Hoechst (H33342) solution 

for 5 mins after which they were washed, dried and viewed under the microscope.  

UV irradiation was performed using a Spectroline miniature ultraviolet pencil lamp 

(model 36-380) having an average intensity of 1000 μW/cm2 of 365 nm radiation at 1in. 

The lamp was always placed at approximately 3cm away from the sample in a dark box. 

Subsequent washing and drying of the substrates was always carried out in the dark. 

UV irradiation of all dry patterned substrates, irrespective of what dye was used, did 

not diminish the fluorescence intensity, confirming that photo-bleaching of the dye did 

not occur. 
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5.7. Supporting information 

5.7.1. Photoisomerization 

 

Figure S5.1: 1H-NMR of the aromatic region of compound (15) before and after irradiation for 10 

minutes with a common UV-lamp (365 nm). 
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5.7.2. Release of surface immobilized ConA using UV irradiation 

 

Figure S5.2. Patterns of Azo-Man was made on β-CD glass monolayers and backfilled with Azo-

PEG5000 as explained in the main text. This was then incubated with ConA-Cy3 for 10 mins and 

incubated in MilliQ water for 10 mins. One substrate was kept in the dark and the other was exposed 

to UV irradiation during this time. The substrates were then washed and dried thoroughly. 

Fluorescence images showed red dot patterns for the substrate without UV irradiation and dark 

dots for the surface that was exposed to UV. The incubation in water and washing steps however 

caused a diffusion of ConA-Cy3 over the rest of the surface causing higher background fluorescence. 
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Chapter 6  

Photo-responsive cucurbit[8]uril-mediated adhesion of 

bacteria on supported lipid bilayers  

In this work the development of a photo-responsive platform for the presentation of 

bioactive ligands to study receptor-ligand interactions has been described. For this 

purpose, supramolecular host-guest chemistry and supported lipid bilayers (SLBs) have 

been combined in a microfluidic device. Quartz crystal microbalance with dissipation 

monitoring (QCM-D) studies on methyl viologen (MV2+)-functionalized oligo ethylene 

glycol-based self-assembled monolayers, gel and liquid-state SLBs have been compared for 

their non-fouling properties in the case of ConA. In combination with bacterial adhesion 

test, negligible non-specific bacterial adhesion was observed only in the case of methyl 

viologen modified liquid-state SLBs. Therefore, liquid state SLBs have been identified as 

most suitable for studying specific cell interactions when methyl viologen is incorporated 

as a guest on the surface. The photo-switchable supramolecular ternary complex is 

formed by assembling cucurbit[8]uril (CB[8]) and an azobenzene-mannose conjugate 

(Azo-Man) onto MV2+-functionalized liquid-state SLBs and the assembly process has been 

characterized using QCM-D and fluorescence techniques. Mannose has been found to 

enable binding of E. coli via cell-surface receptors on the non-fouling supramolecular SLBs. 

Optical switching of the azobenzene moiety allowed us to ‘erase’ the bioactive surface 

after bacterial binding, providing the potential to develop reusable sensors. Localized 

photo-release of bacterial cells has also been shown indicating the possibility of optically 

guiding cellular growth, migration and inter-cellular interactions. 
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6.1. Introduction  

Surface immobilization strategies of bioactive ligands like peptides, carbohydrates, 

DNA and proteins have enabled widespread development of functional surfaces for 

biomedical applications and studies.1–4 Preliminary work in the field dealt with 

identifying biologically non-fouling components that could be deposited on surfaces 

and also chemically modified for the presentation of bioactive ligands. Some of the 

most successful strategies include self-assembled monolayers (SAMs),5,6 polymeric 

networks,7,8 hydrogels9 and supported lipid bilayers (SLBs).10 Such surfaces have been 

used to develop biosensors for detection and diagnostics,11,12 medical implant 

coatings,13 platforms for studying cellular processes14 and tissue engineering.15 However 

living entities predominantly exist in, interact with and modify a constantly changing 

environment. This led to the requirement for bioactive ligands to be presented in a 

highly dynamic manner to mimic the natural environment of eukaryotic and prokaryotic 

cells. Consequently, strategies are being developed to not only introduce such dynamic 

properties but also responsiveness, which is the ability to change some properties of 

the system in response to an external stimulus. Chemical, optical and electrochemical 

stimuli-responsive systems enable us to study biological processes that are triggered by 

a change in the environment.16,17 While traditional surface immobilization strategies 

allow for spatial control of bioactive ligands,18 dynamics and responsiveness allow for 

temporal control of these ligands.19,20  

In this light, supported lipid bilayers have emerged as a powerful system for the 

development of a biomimetic surface since they are representative of the cell 

membrane. They can be used as model surfaces to study cell-ECM and cell-cell 

interactions.21–24 Supramolecular chemistry has been successfully used in generation of 

several dynamic and responsive architectures by virtue of the reversible non-covalent 

forces involved in the self-assembly process.25 By careful design and selection of the 

molecular components and the environment in which they interact, materials with 

novel properties can be developed. Host-guest systems have been especially successful 

towards the development of novel architectures for biomedical applications.26 These 

systems have the advantage that they operate in an aqueous environment with 

micromolar affinities and with reasonable specificities. A few surface confined 

molecular platforms have been developed using host molecules such as cyclodextrins 

and cucurbiturils for addressing living cells. Usually the host or guest molecule is 

anchored to the surface while its counterpart is conjugated to a bioactive ligand, 

allowing for dynamic and reversible presentation of ligands. Moreover, responsive 
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presentation of ligands is made possible by competition with high affinity guests or a 

change in molecular properties such as, photo-isomerization of azobenzenes,19,27 and 

redox cycling of methylviologen and ferrocene.20,28 Modifications caused by such 

stimuli can change the guest molecule’s affinity towards the host, causing it to either 

bind stronger or get expelled. A few self-assembled monolayer based platforms have 

been recently developed that were able to address and manipulate cells. Preliminary 

reports of electro- and photo-responsive supramolecular surfaces for mammalian and 

bacterial cells have emerged in the last few years.20,27–29 These reports highlight the 

promise of employing supramolecular chemistry to develop dynamic and responsive 

platforms to address living entities. However, further exploration and careful 

characterization of the surface assembly process is required to understand and 

improve various aspects of these systems, such as their non-fouling nature, cell 

adhesion effects and localized responsiveness. In this chapter, we attempt to address 

these issues by combining the versatility of supramolecular chemistry with the 

biomimetic nature of SLBs.  

For the first time, we report the development of a supramolecular host-guest system 

incorporated on SLBs enabling the photo-responsive display of a bioactive ligand for 

the selective adhesion and release of living cells. To this end, bacterial adhesion to 

mannose was explored for several reasons. Uropathogenic E. coli initiates an infection 

by binding to mannose sugar molecules found in glycoproteins and glycolipids of the 

glycocalyx of target cells. This binding event is mediated by the FimH receptors on the 

bacterial Type1 pili and exhibits complex relations to the surface density of mannose 

and shear stress induced by the flow of bodily fluids.30 Several strategies have been 

devised to study pathogen binding and develop suitable inhibitory molecules.31–33 Still, 

novel platforms are required to understand pathogen binding and allow for the rapid 

detection of these pathogens in medical samples. Bacteria pose additional challenges 

in biosensing due to their small size, highly heterogeneous surface components, 

motility and negatively charged cell surface causing non-specific electrostatic 

interactions with surfaces. We carefully developed our platform to systematically 

address these issues. 

As shown in Figure 6.1, we used SLBs as the biomimetic background layer onto which 

we were able to assemble a ternary host-guest complex. First, the SLB was chemically 

modified with a thiolated methylviologen (MV2+-SH). Secondly, methylviologen (MV2+) 

acts as the first guest molecule that can bind within the cavity of cucurbit[8]uril 

(CB[8]), the supramolecular host molecule. CB[8] is a hollow pumpkin-shaped 

macrocylic host molecule made of 8 glycouril monomer units.34 The cavity is 
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hydrophobic and can accommodate aromatic guest molecules. The rims of the cavity 

consist of polar carbonyl groups, allowing for ion-dipole interactions with positively 

charged molecules such as MV2+. The cavity is also big enough to accommodate a 

second guest molecule such as azobenzene.35  Azobenzene, in its trans form can form a 

stable ternary complex with CB[8] and MV2+. Thirdly, for specific adhesion of E. coli, we 

conjugated the azobenzene to a mannose unit (Azo-Man) with a triethyleneglycol 

linker. Lastly, upon irradiation with 360 nm UV light, azobenzene photo-isomerizes into 

the cis form. The cis form is sterically hindered to fit within the cavity of CB[8], causing 

the affinity to be drastically reduced and as a result azobenzene is expelled from the 

cavity. In this study, mannose-modified azobenzene was used to impart photo-

responsiveness to the system. Here, bacterial cells can normally bind to the surface-

anchored mannose units but on application of 360 nm UV light, the expulsion of cis 

Azo-Man from the CB[8] cavity causes the removal of the cell from the surface. 

 

Figure 6.1. Step-wise assembly and release scheme followed by chemical structures of the individual 

components used. 
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6.2. Results and Discussions 

6.2.1. Selection of a non-fouling MV2+-functionalized layer 

In order to construct a reusable supramolecular platform for binding and release of 

living cells, we first needed to select a background layer with two important properties: 

1) the ability to chemically incorporate methylviologen (MV2+), the first guest molecule 

and 2) minimize non-specific interaction of biolomolecules and cells to the surface. To 

this end, we tested three potential candidates: an oligoethyleneglycol self-assembled 

monolayer (SAM), gel-state and liquid-state supported lipid bilayers (SLBs). We have 

previously reported a tetraethyleneglycol based SAM for supramolecular manipulation 

of mammalian cells.36 In this case, SAMs bearing maleimide groups37 were used to 

tether a thiolated methylviologen (MV2+-SH). The SAM was shown, to some extent, to 

be non-fouling and was used for mammalian cell binding and electrochemical release 

thereof.[36] Alternatively, we explored the use of model membranes in the form of 

supported lipid bilayers (SLBs). Such SLBs, pioneered by McConnell and co-workers, 

consist of a two-ply sheet of lipid molecules and can mimic natural cell membranes in 

terms of the lateral mobility of the lipids and associated ligands.38,39 A relevant feature 

of SLBs is their inherent non-fouling nature. In the case of zwitterionic phosphocholine-

based SLBs, negligible adsorption of various other naturally occurring proteins was 

observed.40 This attribute of SLBs strongly influences cell adhesion kinetics and is able 

to prevent cells from adhering to its surface.21  The chemical make-up of lipids e.g. the 

saturation of acyl chains can have a profound effect on lipid lateral mobility and phase 

behavior of SLBs as a function of temperature. For example, the liquid-state (Lα phase) 

is characterized by a disordered packing of lipids due to the presence of unsaturated 

acyl chains, low melting temperature and high lipid lateral mobility, > µm2/s. On the 

contrary, lipids with saturated acyl chains tend to pack more tightly in the gel-state (Lβ 

phase), increasing their Tm and resulting in a reduced lateral mobility by at least one 

order of magnitude.41 In addition, chemical modification of SLBs to alter its surface 

properties have been shown on various accounts.22,42–44 

Although SLBs have been used in a multitude of cell studies, integrating them with 

supramolecular host-guest chemistry remains unexplored. Apart from their non-fouling 

nature, SLBs have the added advantage that they mimic the natural environment of 

eukaryotic cell membranes. In this study, we integrated liquid- and gel-state SLBs with 

supramolecular chemistry. All three aforementioned methods offered the possibility to 

form tightly packed layers of MV2+ at well-defined surface densities. 
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We first evaluated the non-fouling nature of these types of MV2+-functionalized 

surfaces, i.e. SAM, liquid- and gel-state SLBs, towards biomolecules such as proteins 

and cells. Since MV2+ carries a double positive charge, electrostatic interactions could 

potentially cause non-specific interactions with biomolecules despite the non-fouling 

nature of the background layer. MV2+-functionalized ethyleneglycol-based SAMs on 

gold were made as reported previously.36 We followed the formation of gel-state and 

liquid-state SLBs doped with PE-MCC (maleimide-containing lipid) on SiO2 surfaces 

using QCM-D. In both cases, we were able to observe the conjugation of MV2+-SH onto 

these SLBs (Figure S6.1, Section 6.7, Supporting Information). In all cases, a 1% surface 

density of MV2+ was readily obtained. Since we wanted to develop a system for 

bacterial binding to glycoconjugates, we chose to test the resistance of our modified 

surfaces against a mannose-binding lectin, Conconavalin A (ConA).  

 

Figure 6.2.  QCM-D response plots of flowing 1 µM ConA ( ) over a) a liquid-state SLB, b) a gel-state 

SLB and c) an oligoethylenegylcol-based SAM, each with 1% surface density of MV
2+

 followed by 

rinsing with buffer ( ). Change in frequency (Δf, black) and dissipation (ΔD, grey) values correspond 

to the 5th overtone. 

From Figure 6.2, we clearly observed that the liquid-state SLB was the most non-fouling 

of the three surfaces when incubated with 1 µM ConA. The non-fouling nature of SLBs 

behavior is often ascribed to the neutrally charged PC head-group over a large pH-

range, 3 < pH < 10. In addition, PC is known to attract a water layer that hampers the 

adsorption of proteins. In the case of liquid-state SLBs, the high lateral mobility of PC 
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lipids further favors this protein repellent property.40 It has been proposed that out-of-

plane z-axis mobility of liquid-state SLB results in undulatory motions of the bilayer that 

further interferes in cell and protein binding.45 Similar to SAMs, gel-state SLBs and their 

constituents exhibit nearly no lateral mobility. Despite the absence of such out-of-plane 

mobility in gel-state SLBs, non-specific binding of ConA was significantly less compared 

to MV2+-SAMs. This difference can be ascribed to the fact that zwitterionic gel-state 

SLBs do however, to some extent, retain non-fouling properties. Previous QCM-D 

analysis of gel-state SLBs in the presence of serum showed negligible protein fouling on 

such surfaces.23 In addition, a cell adhesion study performed on polymerized 

zwitterionic SLBs consisting of Bis-SorbPC showed a high degree of cell repellence 

towards murine-derived macrophages despite the absence of lipid lateral mobility.46   

Clearly, significant fouling was observed on gel-state SLBs and SAM PEG layers, 

whereas on the liquid state SLB negligible fouling was observed in the case of ConA 

adhesion. To further confirm that using methyl viologen functionalized gel-state SLBs 

and methyl viologen modified SAM PEG based layers, leads to significant non-specific 

adhesion of bacterial cells to these surface exceeding by far that observed on the 

methyl viologen functionalized liquid-state SLB, we performed bacterial adhesion tests 

on these three layers. 

Figure 6.3 shows data of a non-specific bacterial adhesion test on a liquid-state SLB 

with two ratios of positively (methyl viologen-PEMCC) and negatively (TR-DHPE) 

charged lipid constituents. On liquid-state SLBs made of an 0.1% ratio of positively and 

negatively charged constituents, negligible non-specific bacterial adhesion was 

observed. This observation is in strong contrast with the considerable non-specific 

bacterial adhesion observed on liquid-state SLBs made of a lipid mixture with an excess 

of positively charged methyl viologen and, also, with gel-state SLBs made of an 

equimolar amount of methyl viologen-PEMCC and TR-DHPE. Based on these data we 

confirm that the balance of positive and negative charges on the layer is of utmost 

importance to prevent fouling of the surface by the bacteria through non-specific 

electrostatic interactions. We were not able to find a condition on a gel-state SLB 

where bacteria do not adhere. 
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Figure 6.3. Non-specific bacterial adhesion to three lipid bilayers that were presenting methyl 

viologen. Liquid-state and gel-state SLBs were made of using positively (MV
2+

-PEMCC) and negatively 

(TR-DHPE) charged lipid constituents in an equimolar amount 0.1%. Liquid-state SLB using 1% MV
2+

-

PEMCC and 0.1% TR-DHPE was also made and used. Bacterial cells have been falsely colored black for 
better visualization. Data presented as mean ± STD, n = 4. Insets are sample images of the respective 
surfaces. 

Subsequently, we attached methyl viologen to the maleimide modified SAM PEG 

system (Figure 6.2c). We incubated the methyl viologen with host CB[8], and with a 

mixture of CB[8] and second guest azobenzene modified mannose. We monitored 

bacterial adhesion to these four layers (Figure S6.2, Section 6.7, Supporting 

Information). Clearly, and as expected, the SAM with maleimide functional groups is 

preventing non-specific interactions with the bacteria. However, the introduction of 

methyl viologen on the SAM resulted, also as expected, in substantial non-specific 

electrostatic interactions with the bacteria, to a similar extent as observed in the case 

of methyl viologen functionalized gel-state SLBs in Figure 6.3. While the bacterial 

adhesion on the SAM including the bio-specific mannose ligands only showed a small 

increase in the number of adhered bacteria, performing bacterial adhesion and 

subsequent photo-controlled release experiments on these type of SAMs seems 

redundant. Then, we attempted to find a condition on a SAM PEG based surface where 

such non-specific interactions would be suppressed. To this end, we reacted the 

maleimide-functionalized SAMs with a mixture of thiol-functionalized methyl viologen 
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and 3-mercapto-1-propane sulfonate (MPS), which can provide negative charges to 

balance the positive charges given by the incorporation of methyl viologen on the SAM. 

We prepared different SAMs using various ratios of these two compounds. Bacteria 

adhered to all of these SAMs (Figure S6.3, Section 6.7, Supporting Information). The 

adhered bacteria per area in the condition of methyl viologen and MPS used in a 1:3 

ratio is still exceeding by large the non-specific bacterial adhesion observed on methyl 

viologen modified liquid state SLB made of an equimolar ratio of methyl viologen and 

TR-DHPE. Taken together, MV2+-functionalized liquid-state SLBs were employed to 

evaluate supramolecular ternary-complex formation, selective bacterial adhesion 

experiments and subsequent studies for photo-switchable release of adhered bacteria.  

For in situ monitoring of the SLB quality during various modification steps, a 

fluorescent lipid-dye conjugate, Texas Red-DHPE (TR-DHPE), was included at low 

doping densities. A typical characterization experiment for liquid-state SLBs involves 

monitoring of the rate of fluorescence recovery after the SLB that has been locally 

bleached. Such a fluorescence recovery after photobleaching (FRAP) experiment can 

provide insights into lipid lateral mobility. Successful formation of a defect free MV2+-

modified (liquid-state) SLB was confirmed by observing uniform fluorescence in 

agreement with the observations made using QCM-D. This was further complemented 

by the deduced diffusion coefficients, which are well within the expected range for 

liquid-state SLBs, i.e. 0.95 µm/s. Texas Red-DHPE was used to monitor in situ further 

SLB modifications, vide infra § 6.2.2 (Fluorescence based analysis). 

6.2.2. Incorporating supramolecular components 

QCM-D based analysis 

After having established a non-fouling layer grafted with MV2+, the self-assembly of the 

supramolecular host-guest complex was attempted. QCM-D was used to monitor the 

formation of the ternary complex on the MV2+-SLB. In Figure 6.4a interaction and 

binding of CB[8] is observed, as indicated by a shift in frequency and dissipation. 

Subsequently, a titration of Azo-Man was performed from 20 µM to 1 mM, in the 

presence of 100 µM CB[8] to ensure the equilibrium is driven towards complex 

formation. Concentration-dependent frequency and dissipation changes were clearly 

observed. Washing with only CB[8] after the titration caused dissociation of the Azo-

Man and further washing with MilliQ water caused gradual dissociation of the complex. 

Changes in both dissipation and frequency values normally indicate that the adsorbed 

entities have viscoelastic properties. From the ΔD Vs Δf plot in Figure 6.4b, we witness 
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a nearly linear relationship between the dissipation and frequency during the entire 

titration. This indicated that both the shifts in dissipation and frequency directly 

correlated to the amount of Azo-Man that was binding to the surface. When the 

saturation values corresponding to each Azo-Man concentration was plotted against 

the concentration, we obtained a similar Langmuir adsorption trend from both the 

frequency and dissipation values. Fitting to a Langmuir adsorption equation, yielded a 

dissociation constant (Kd) of ~300 µM. This value is within an expected range for such 

supramolecular interactions but is higher than that previously reported by Scherman 

and co-workers (~70 µM) for CB[8] binding with azobenzenes in solution.35 Most likely, 

the surface density of MV2+ in our system is below what is required for maximum 

packing of CB[8] on the surface. The inter-ligand spacing of MV2+ molecules was 

estimated to be roughly 19 nm, calculated based on the method described by Tanaka 

and co-workers.24 However, the outer diameter of Cucurbit[8]uril has been reported to 

be only 1.75 nm,47 nearly a tenth of the MV2+ inter-ligand spacing. Finally, the bio-activity 

of the self-assembled ternary complex was confirmed through the specific binding of 

ConA with mannose on the second guest Azo-Man. ConA specifically adhered to a 

liquid-state SLB modified with supramolecularly assembled Azo-Man (Figure 6.4d) 

when compared to the bare MV2+-functionalized SLB (Figure 6.2a). 
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Figure 6.4. QCM-D analysis of the supramolecular assembly on liquid-state SLBs. The captions on top 

of the plots represent the different solutions used during the QCM-D measurement. a) Binding of 

CB[8] (CB) to an MV
2+

-functionalized SLB followed by titration of different concentrations of Azo-

Man (1 – 20 µM, 2 – 50 µM, 3 - 100 µM, 4 – 200 µM, 5 – 500 µM, 6 – 1000 µM) followed by washing 

with CB[8] and MilliQ water (MQ). All the Azo-Man solutions also contained 100 µM CB[8]. b) ΔD Vs 

Δf plot for the Azo-Man titration part of Figure 6.4a. All captions above the plot are the same as in 

Figure 6.4a. c) Langmuir adsorption equation fitting of the saturation values from the frequency and 

dissipation changes seen during the Azo-Man titration. d) Adhesion of 1 µM ConA onto CB[8]-Azo-

Man functionalized SLB followed by washing with HEPES NaCl buffer (Buff) and 10 mM Mannose 

(Man). Change in frequency (Δf, black) and dissipation (ΔD, grey) values correspond to the 5th 

overtone. 

Fluorescence based analysis 

As mentioned previously, TR-DHPE is usually used in SLBs to evaluate the quality and 

fluidity of the SLB, however it can also be used to monitor modification of the SLB in 

situ. This lipid-dye conjugate is usually synthesized by reacting the amine of a 

phosphatidylethanolamine lipid with the lower aromatic ring of Texas Red sulfonyl 

chloride, which resides at either the ortho or para positions,48 resulting in an isomeric 

mixture. Interestingly, the fluorescence intensity of the ortho isomer has been shown 
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to be pH dependent,49 with lower intensities under basic conditions. Using this 

phenomenon, we inspected the SLB integrity and determined the approximate lipid 

lateral diffusion (vide infra), which also allowed us to track the MV2+ reaction with the 

surface in time. The presence of the highly positively charged MV2+ attracts hydroxide 

ion from the water and creates a local pH increase. As expected, we always observed a 

drop in the Texas Red fluorescence intensity when MV2+-SH was conjugated to the SLB 

(Figure 6.5a). To ensure that this was purely a surface chemistry effect, we checked the 

fluorescence intensity drop after addition of an unreactive MV2+. In this case, no 

significant drop in the intensity was observed (Figure 6.5a). Following this, we 

measured the changes in fluorescence intensities as the supramolecular components 

were assembled. When CB[8] bound to the surface-immobilized MV2+, a slight rise in 

the fluorescence intensity was observed possibly due to the partial shielding of the 

charges of MV2+. When titrating with different concentrations of Azo-Man, the 

fluorescence intensity seems to drop at higher concentrations and seems to follow a 

similar trend as the binding curve in Figure 6.4c. The drop in fluorescence might be due 

to a change in local pH. Also, as seen in the FRAP experiment, increased Azo-Man 

concentrations causes the lateral mobility to reduce, which suggests crowding of the 

TR-DHPE lipid resulting in self-quenching. Nonetheless, the observed trend seems to 

follow the binding curve presented in Figure 6.4c. Furthermore, FRAP was used to 

study the attachment of MV2+ to the SLB and the effect of the formation of the ternary 

complex on the lipid lateral mobility and diffusion coefficient (Figure 6.5c). In line with 

the trends observed in Figures 6.4a and 6.4b, the diffusion coefficient dropped after 

attachment of MV2+, increased on CB[8] adhesion and reduced again in the presence of 

increasing concentrations of Azo-Man. We tentatively interpret these observations as 

follows. Positively charged MV2+-lipids can possibly interact with negatively charged TR-

DHPE resulting in its mobility drop. Subsequently, the binding of CB[8], causes shielding 

of MV2+ allowing TR-DHPE to diffuse more freely in the bilayer. Further binding of 

increasing amounts of Azo-Man to the MV2+-CB[8] complex causes a drop in lateral 

mobility, probably since mannose, being highly hydrated, causes a crowding effect at 

the surface. This observed trend also seems to follow the binding curve presented in 

Figure 6.4c. These results highlight the use of TR-DHPE for in situ monitoring of the 

MV2+ reaction and assembly of the supramolecular host-guest complex. 
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Figure 6.5. Fluorescence based analysis of the supramolecular SLBs. a) Drop in fluorescence intensity 

of TR-DHPE due to the conjugation of MV
2+

-SH with PE-MCC lipids in the SLB. All intensities have been 

normalized to the fluorescence due to TR in the SLB before MV
2+

-SH conjugation. b) Change in the 

fluorescence intensities seen during assembly of the CB[8] and Azo-Man. All Azo-Man solutions in the 

titration also contained 100 µM CB[8]. Intensity values have been normalized to the fluorescence 

due to TR in the SLB after MV
2+

-SH conjugation. c) FRAP analysis of the supramolecular assembly on 

the surface. Inset plot represents diffusion coefficients. The colors in the legend apply for both the 

fluorescence recovery curves and the diffusion coefficient plot. Data presented as mean ± STD, n = 2. 

6.2.3. Bacterial capture and release 

Bacterial adhesion and controls 

Confident that the supramolecular assembly of CB[8] and Azo-Man is possible on liquid-

state SLBs, we proceeded to test bacterial adhesion onto these surfaces in microfluidic 

channels. For this purpose, we chose to use the ORN178 and ORN208 bacterial 

strains.50 ORN178 is an E. coli K12 derivative expressing a native version of the FimH 

receptor, allowing it to specifically bind mannose. ORN208 has a genetically modified 
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FimH receptor with a single point mutation and is unable to bind mannose. Apart from 

this, both strains are identical. When the supramolecular surface was exposed to 

ORN178, bacterial cells were seen adhering to the surface and did not dissociate even in 

the presence of strong flow (300 µLmin-1) (Figure 6.6). To ensure that the bacterial cells 

had adhered specifically to the mannose units in the host-guest system, two control 

experiments were performed. First, adhesion of ORN208 was tested and we observed 

that even at a lower flow speed (15 µLmin-1), only a negligible number of cells were 

visible at the surface (Figure 6.6). Similarly, when CB[7] was used instead of CB[8] only 

MV2+ was able to occupy the smaller cavity of CB[7] resulting in almost no ORN178 cells 

(less than 5% compared to the ternary complex) adhering to the surface (Figure 6.6). 

These experiments confirmed that bacterial adhesion was specific to the mannose 

presented in a supramolecular fashion using the ternary host-guest complex on SLBs. 

We also confirmed that CB[8] and Azo-Man do not affect bacterial viability by testing 

their growth on agar plates after being mixed together for an hour. The presence of 

CB[8] and Azo-Man did not reduce the number of bacterial colonies seen compared to 

the control (Figure S6.4, Section 6.7, Supporting Information). In addition, UV exposure 

for 5 min did not reduce the number of bacterial colonies compared to the control 

(Figure S6.5, Section 6.7, Supporting Information). 

 

Figure 6.6. Number of bacterial cells immobilized on supramolecular SLBs. For ORN178 and ORN208 

adhesion experiments, 0.1 O.D.600nm of the bacteria along with 10 µM CB[8] and 100 µM Azo-Man in 

buffer was used. For the adhesion test of ORN178 to supramolecular SLBs containing CB[7], 0.1 

O.D.600nm of the bacterial solution with 10 µM CB[7] and 100 µM Azo-Man was used. Data presented 

as mean ± STD, n =6. Bacterial cells in the images have been falsely colored black to improve 

visualization. 
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Bacterial release due to Azo-Man photo-isomerization 

Next, we tested whether the photo-isomerization of Azo-Man under UV irradiation 

could cause the dissociation of the bacterial cells from the surface. For this purpose, we 

first allowed ORN178 cells to adhere to the supramolecular SLB and then irradiated the 

surface with 360 nm UV light. At 300 µLmin-1 in the presence of UV irradiation, we 

observed rapid detachment of bacterial cells from the surface (Figure 6.7a). 

Interestingly, at flow speeds of 100 µLmin-1 and 200 µLmin-1, rapid dissociation was not 

observed. This could possibly be explained by the fact that the photo-isomerization of 

azo-benzenes has only around 75-80% efficiency.19 Since E. coli typically produces a few 

hundred FimH receptors, stronger multivalent binding to several Azo-man units is 

expected. Therefore higher flow speeds are needed to overcome the overall 

interaction strength of the remaining bound FimH and Azo-Man bonds.  

Furthermore, we tested whether it would be possible to selectively release bacterial 

cells from a well-defined region by localized UV irradiation. Local UV irradiation was 

achieved by closing the field diaphragm and illuminating with 360 nm UV light. At a 

flow of 300 µL min-1, bacterial cells were seen detaching from the irradiated spot, while 

the vast majority of cells outside this spot remained bound (Figure 6.7b). This even 

occurred with simultaneous illumination with white light. This enabled real-time 

imaging of the photo-release as shown by the plot in the inset of Figure 6.7b (Video 

S6.1, Section 6.7, Supporting information). The photo-release seemed to occur rapidly 

within the irradiated spot while bacterial cells outside the spot seemed to stay 

immobilized during this period. This confirmed that localized release of immobilized 

bacterial cells can be easily achieved with this photo-responsive supramolecular 

system. 
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Figure 6.7. Plots representing results from bacterial release experiments by irradiation of 360 nm UV 

light in the presence of 300 µLmin-1 flow. a) Before UV irradiation, cell detachment was not 

observed even in the presence of flow whereas 5 min UV irradiation caused detachment of nearly 

80% of the cells. Error bars obtained from 3 individual release experiments. b) Localized photo-

release was performed by irradiating the surface with UV light from the microscope lens using a 

field diaphragm. The columns represent percentage of cells remaining inside or outside the 

irradiated spot after 4 min irradiation. Error bars were obtained from 2 experiments with localized 

release done on 3 individual spots each. Inset represents the detachment of bacterial cells inside 

(black line) and outside (grey line) the irradiated spot as a function of time.   

6.3. Conclusions  

We have successfully demonstrated for the first time the combination of 

supramolecular host-guest chemistry and SLBs to develop photo-responsive 

supramolecular SLBs. Comparisons with other similarly possible supramolecular 

surfaces on SAMs and gel-state lipid bilayers indicated that liquid-state lipid bilayers 

were the most suitable for specific bacterial adhesion. Each step in the molecular 

construction of the system, including SLB formation, conjugation of the first guest, 
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supramolecular assembly of host-guest components and photo-release have been 

carefully characterized using QCM-D measurements, fluorescence and bright field 

microscopy. Using the photo-isomerizable glycoconjugate, Azo-Man, the system has 

been validated for bacterial binding and release. Interesting aspects of the system 

including the ability to quickly monitor supramolecular assembly through fluorescence 

intensity changes, requirement of a certain shear stress provided by flow for bacterial 

photo-release and localized photo-release have been investigated. The system can 

potentially be used to develop reusable biosensor chips where the detection of specific 

pathogenic strains in a sample can be performed by capture to the surface followed by 

photo-release, allowing for detection in a fresh sample to be performed. Further, 

localized release would enable photo patterning or photo guiding of cells on the 

surface enabling the study of growth, migration and inter-cellular interactions.   
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6.5. Experimental Section 

Materials. All starting materials and chemicals were purchased from Sigma-Aldrich, 

Fluka, Serva, Becton Dickinson, Avanti Polar Lipids, Microchem, Thermo Fisher, 

Invitrogen and Acros organics, and they were used as received, unless otherwise 

stated. Thiolated Methylviologen (MV2+-SH) was synthesized as previously reported in 

literature.51 The Azo-Man glycoconjugate was also synthesized as previously reported in 

literature.19 Both ORN178 and ORN208 bacterial strains were kindly provided by Prof. 

Luc Brunsveld, TU/e. MilliQ water with a resistivity higher than 18 MΩcm-1 was used in 

all experiments. 

QCM-D. Thiolated Ethyleneglycol based self-assembled monolayers bearing maleimide 

groups were formed on gold QCM resonators (Q-Sense) as described elsewhere.36 SLBs 

were formed on SiO2 QCM resonators (Q-Sense). Prior to use, the resonators were 

cleaned with ethanol, water and with 30 mins UV-ozone treatment (UV/Ozone 

Procleaner plus, Bioforce Nanosciences). After mounting the cleaned resonators in the 

QCM-D holder, degassed 5 mM PBS (Sigma-Aldrich, pH 7.4) was initially flowed. After 

obtaining a stable baseline (less than ∆ 0.5 Hz during 10 minutes), 0.5 mg/mL large 

unilamellar vesicles (LUVs) were flown through the device. The 1 mg/mL stock LUV 

solution in milliQ was diluted 1:1 with 10 mM PBS (Sigma-Aldrich, pH 7.4) just before 
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vesicle addition. For liquid-state SLBs, these steps were performed at 22oC and for gel-

state SLBs, the temperature was raised to 45oC. All subsequent measurements were 

performed at 22⁰C. Subsequently, 50 mM sodium phosphate buffer (pH 6.8) was 

passed through until a stable baseline was reached. A freshly prepared 1 mM MV2+-SH 

solution in 50 mM sodium phosphate buffer (pH 6.8) was flowed in the chamber and 

allowed to react for 1 hour. Assembly of the ternary complex of CB[8] and Azo-Man 

were performed in MilliQ water using concentrations mentioned in the main text. A 1 

µM Concanavalin A (ConA) solution in buffer (10 mM HEPES, 137 mM NaCl, 1 mM MnCl2, 

1 mM CaCl2, pH 7.0) was flown through the device to monitor non-specific and specific 

binding. All fluids were exchanged continuously at 100 µL min-1 using a peristaltic pump. 

 

PDMS flow channel. A silicon flow channel master was produced by standard 

photolithography steps and deep reactive ion etching. The polydimethylsiloxane 

(PDMS) flow channels were prepared from a degassed mixture of 10:1 Sylgard 184 

elastomer and curing agent (Dow Corning Corp), which was casted onto the silicon 

master and cured at 80°C for 1 hour. The flow channels were cut to size and inlets and 

outlets were punched using a 1 mm Ø punch (Harris Uni-core, Sigma-Aldrich). The single 

straight channel had a width of 1.5 mm and a height of 50 µm. 

PDMS bonding. Standard glass microscope slides (Menzel-Gläser) were rinsed and 

sonicated extensively with acetone, ethanol and MilliQ water, and dried prior to UV-

ozone exposure (UV/Ozone Procleaner plus, Bioforce Nanosciences) for at least 20 

mins. After UV exposure, the microscope slides were rinsed with ethanol, water and 

dried under a stream of nitrogen. Both cut-out PDMS flow channels and cleaned 

microscope slides were treated with oxygen plasma for 30 s at 40 W (Plasma prep II, 

SPI supplies) after which they were bonded immediately. The chips were placed on a 

hot plate for 10 mins at 70oC to increase the binding strength. Tygon tubing (VWR, 0.25 

mm inner Ø and 0.76 mm outer Ø) was inserted into the PDMS. The assembled µSLB 

flow channels were placed in an oven at 60oC for 1 hour. Leak-free operation was seen 

for flow rates up to 2 mL/min. 

Vesicle preparation. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar 

Lipids) was stored as a 10 mg/mL stock solution in chloroform at -20⁰C and used as the 

main constituent in liquid-state SLBs. 1-myristoyl-2-palmitoyl-sn-glycero-3-

phosphocholine (MPPC, Avanti Polar Lipids) was stored as a 10 mg/mL stock in 

chloroform at -20oC and used as the major constituent for gel-state SLBs. 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-
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carboxamide] (PE-MCC, Avanti Polar Lipids) was stored as a 2 mg/mL stock in 

chloroform at -20oC. The charged lipid-dye conjugate, Texas Red-1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (TR-DHPE, Invitrogen) was stored as a 1 mg/mL stock 

solution in methanol at -20oC. Desired molar ratios of the DOPC/MPPC, PE-MCC and TR-

DHPE were mixed and dried under a flow of nitrogen in a glass vial, and subsequently 

placed under vacuum overnight. The resulting lipid film was re-suspended by vortexing 

in MilliQ water to form multilamellar vesicles (MLVs) at 1 mg/mL. The MLV solution was 

extruded 11 times through a 100 nm polycarbonate membrane (Avanti Polar Lipids). The 

resulting large unilamellar vesicles (LUVs) were kept at room temperature and used 

within two weeks. For liquid-state SLBs all these steps were performed at room 

temperature and for the gel-state SLBs, they were performed at 60oC. 

Supramolecular SLB formation.  Supported lipid bilayer (SLB) formation was achieved 

by dilution of the LUV solution to 0.5 mg/mL in 10 m M PBS pH 7.4 (Gibco, lacking MgCl2 

and CaCl2). Prior to LUV incubation, the channels were flushed briefly with 10 mM PBS. 

The channels were then incubated with the vesicle suspension for at least 30 mins to 

allow for vesicle adsorption and rupture to occur. For gel-state SLBs, this step was 

performed at 60oC. Subsequently, the chips were washed with an excess of MilliQ 

water (300 µL/min). From this point forth, care was taken to ensure no air bubbles 

entered the device. Coupling of MV2+-SH to the PE-MCC units in the SLB was done by 

passing 300 uL of 1 mM MV2+-SH in 50 mM Sodium phosphate buffer (pH 6.8) at 300 

µL/min through the channel and allowing it to incubate for 1 hr. Further assembly of 

CB[8] and Azo-Man were performed by passing 200-300 µL of each solution, as 

indicated in the main text, at 300 µL/min and allowing it to incubate in the channel for 

10 mins unless stated otherwise. Experiments were done by first assembling all 

components and monitoring the adhesion and photo-release of bacteria and 

subsequently the complete supramolecular SLB was re-installed for a new experiment. 

We have not quantified how often this process can be done. 

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research 

microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 

camera for image acquisition was used to acquire fluorescence micrographs of the TR-

DHPE in the SLBs. To this end, green excitation (510 ≤ λex≤ 550 nm) and red emission 

(λem > 590 nm) was filtered using the U-MWG2 Olympus filter cube. To image the FRET 

gradient, UV excitation (325 ≤ λex≤ 375 nm) and broad emission (λem > 420 nm) was 

filtered. Bacterial adhesion was imaged using top bright-field illumination. In all 

instances ISO200 camera settings were used to record high quality, low noise images. 

In case of fluorescence micrographs, care was taken to ensure image acquisition was 
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performed in the linear response regime. For photo-isomerization experiments, a filter 

cube with excitation of 350-360 nm was used with maximum illumination intensity. 

Localized release experiments were performed by closing the field diaphragm in the UV 

excitation path (epi). Brigthfield illumination enabled real-time image acquisition. 

Fluorescence Recovery After Photobleaching (FRAP). FRAP measurements were 

conducted using a Nikon A1 CSLM with a 20x objective. To derive the diffusion 

coefficient, modified Bessel functions as described by Soumpasis et al. 1983, were used. 

Data was corrected for acquisition bleaching and normalized. FRAP data was analyzed 

with FRAPAnalyser (University of Luxembourg). 

Bacterial cell culture. The bacterial strains ORN178 and ORN208 were grown overnight 

in LB media using tetracycline as the selective antibiotic. These were then spun down at 

5,000g for 10 mins and the supernatant was discarded. The bacteria were washed twice 

with 10 mM HEPES, 137 mM NaCl, pH 7 buffer by centrifugation and resuspension. 

Finally the bacteria were reconstituted in this buffer and their optical density at 600 nm 

was measured. 

Bacterial adhesion.  OD600nm 0.1 solutions in buffer (10 mM HEPES, 137 mM NaCl, pH 7.0) 

were prepared of ORN178 and ORN208. Prior to flowing the bacteria through the 

device, MnCl2 and CaCl2 were added at final concentrations of 1 mM each. 200 µL of 

bacterial solution was flown through the chip at 300 µL min-1. The flow was stopped 

and the cells were left to settle for 15 mins. After the set incubation period, flow was 

applied as indicated in the main text. 

Data analysis. Image processing was performed using ImageJ (NIH) and the obtained 

data was analyzed and plotted using Origin (OriginLab) and Excel (Microsoft). 
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6.7. Supporting information 

6.7.1. Liquid- and Gel-state SLBs 

 

Figure S6.1. QCM-D measurements of vesicle fusion and MV
2+

-SH conjugation using a) Liquid-state 

SLBs and b) Gel-state SLBs. Change in frequency (Δf, black) and dissipation (ΔD, grey) values 

correspond to the 5th overtone. 
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6.7.2. Bacterial adhesion on SAMs 

 

Figure S6.2. Non-specific bacterial adhesion to SAMs presenting 1% maleimide; the previous SAM 

reacted with thiol-functionalized methyl viologen; the previous SAM incubated with CB[8] or 

incubated with CB[8] and Azo-Man. Data in graph is presented as mean ± STD, n = 4. 

 

Figure S6.3. Non-specific bacterial adhesion to 1% maleimide bearing SAMs that were reacted with a 

mixture of thiol-functionalized methyl viologen and 3-mercapto-1-propane sulfonate (MPS). Data in 

graph is presented as mean ± STD, n = 4. 
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 6.7.3. Bacterial Vaibility 

The bacterial viability test was conducted by preparing separate solutions of bacteria 

having O.D.600 values of 0.1 (~108 cells/ml) in buffer (10 mM HEPES, 137 mM NaCl, 1 mM 

MnCl2, 1 mM CaCl2). To one solution nothing was added and to the second 10 µM CB8 + 

100 µM Azo-Man was included. These were incubated at room temperature for 1 hr and 

then 105, 104 and 103 cells/ml dilutions were made from each of the samples. 10 µl of 

these dilutions were placed as drops on top of LB Agar plates containing tetracycline as 

a selective antibiotic. The plate was then tilted to form 3 streams which quickly dried. 

This was then incubated overnight a 37oC. As seen in Figure S5, both plates showed 

comparable number of bacterial colonies in all dilutions indicating that neither CB[8] 

nor Azo-Man had any cytotoxic effects. 

 

Figure S6.4. Bacterial viability test. 2 individual agar plates with colonies formed from 10 µl of 

diluted bacterial solutions mixed with b) 10 µM CB[8] + 100 µM Azo-Man and b) only buffer. The 

values below the lanes indicate number of bacterial cells per 10 µl 
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Figure S6.5. Bacterial viability test for UV exposure. OD 0.1 solutions of ORN 178 were exposed to UV 

360 nm for 5 minutes. Agar plates with colonies formed from 10 µL of diluted bacterial solutions 

were prepared. a) ORN 178 control plate and b) UV exposed ORN 178 cells. Dilutions indicated at the 

bottom. Dilutions are indicated at the bottom as cfu/lane. 

6.7.4. Video  

Video S6.1. Azo-man photo-isomerization induced release of bacterial cells from a 

localized spot by irradiation of 350-360 nm UV light using a field diaphragm. Irradiated 

spot is indicated by the dashed line and transparent violet coloring. Bacterial cells have 

been falsely colored blue for better visualization. Flow is from top to bottom and video 

spans a period of 2 minutes. The video have been provided as multimedia files and can 

be downloaded from the supporting information of the publication: Sankaran, S., van 

Weerd, J., Voskuhl, J., Karperien, M., and Jonkheijm, P. (2015) Photo-responsive 

cucurbit[8]uril-mediated adhesion of bacteria on supported lipid bilayers. Small 

doi: 10.1002/smll.201502471 

Link: 

http://onlinelibrary.wiley.com/store/10.1002/smll.201502471/asset/supinfo/smll201502471

-sup-0002-S2.avi?v=1&s=ab0e0a69f7b1fa2f3784edcf5cf0ac4941e394d6 

 

 

 

http://onlinelibrary.wiley.com/store/10.1002/smll.201502471/asset/supinfo/smll201502471-sup-0002-S2.avi?v=1&s=ab0e0a69f7b1fa2f3784edcf5cf0ac4941e394d6
http://onlinelibrary.wiley.com/store/10.1002/smll.201502471/asset/supinfo/smll201502471-sup-0002-S2.avi?v=1&s=ab0e0a69f7b1fa2f3784edcf5cf0ac4941e394d6
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Chapter 7  

Probing Threshold Binding of E. coli to Continuous Mannose 

Gradients under Flow 

In pathogenic infections, cell-cell recognition has been shown to occur through specific 

interactions between carbohydrates on the host cell-surface and complementary lectins 

on opposing microbial cells. The initiation of such recognition events is critically 

dependent on the carbohydrate surface density and is often resistant to shear forces, 

which are commonly experienced in bodily fluids. To probe these factors simultaneously, 

continuous gradients of mannose ligands were electrochemically generated on locked-in 

supported lipid bilayers (SLB) in a microchannel. Using this platform, specific E. coli 

ORN178 adhesion (Kd of 0.9 * 10-21 M), detachment and displacement was shown to 

depend on the mannose-density and shear stress. The results demonstrate that our chip-

based method is a powerful bio-analytical tool to provide insights into multivalent cellular 

binding events and to further our understanding of early stages of infection.  



Chapter 7  
Locked-in mannose gradients on supported lipid bilayers 

 

160 

 

7.1. Introduction  

Living cells are constantly exposed to a variety of external chemical stimuli, such as 

hormones, growth factors and virulence factors, which are received either in soluble 

form from extracellular fluids, or through direct cell-cell contacts.1,2 Cell-surface 

receptors can interact with molecular signals on opposing cells via specific binding to 

ligand molecules. In nature, biochemical mechanisms exist to translate that binding 

into a cellular response.3,4 In this way, intercellular interactions can be as diverse as the 

binding of pathogens to their target tissues, sperm-egg binding, interactions among 

cells in the immune system, and recognition among cells during embryonic 

development.5–7 Numerous techniques have been developed to improve our 

understanding of the molecular basis of cell-cell recognition and have consequently 

made significant implications for improved intervention in many areas of biology and 

medicine.5,8,9 In the case of pathogenic infections, it has been shown that some 

microbes latch onto target cells using lectins that specifically bind different cell-surface 

carbohydrates such as mannose.10 These interactions have evolved to occur in a 

multivalent manner. Apart from being dependent on ligand density, some lectins utilize 

catch bonds when binding to carbohydrates, which means that the binding strength is 

not only determined by the ligand density but also by shear stresses that the cells 

experience. For example, binding of uropathogenic E. coli via their fimbrial proteins 

FimH with mannose that reside on the mammalian cell surfaces is strengthened with 

higher shear stress. As a result, the bacterium is able to mitigate the stresses from 

bodily fluid flow and cause infection.11,12 Glycan arrays have been extremely successful 

in determining the specificity and affinity of pathogenic lectins towards carbohydrates, 

however the effect of glycan surface density is more difficult to analyze.13–16 Recently, 

more intricate platforms have been proposed for the study of bacterial binding thereby 

exploiting the mannose-FimH interaction. Here, a supramolecular host-guest complex 

was assembled on adamantyl-modified graphene using mannose-cyclodextrin. The 

multivalent presentation of mannose resulted in strong binding of E. coli. Upon addition 

of a competitor, the surface-bound host-guest complex could be disassociated 

resulting in controlled release of the bacterium.17 Usually strategies require the 

preparation of several arrays or surfaces with discrete ligand densities, a cumbersome 

process prone to inaccuracies while the information is biased by the pre-selected ligand 

concentrations.13–15 Surface-based continuous gradient systems integrated with 

microfluidics are ideal systems to provide insights in the threshold value of the ligand 

surface density for pathogen recognition under physiologically relevant conditions. In 

the present work, supported lipid bilayers (SLB) are used to prepare stable mannose 
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gradients for interaction studies with fimbrial FimH receptors found on uropathogenic 

E. coli strains. SLBs are advantageous for cellular studies due to their non-fouling nature 

and ease of chemical functionalization.18–23 Previously, we reported a method to 

generate stable ‘locked-in’ gradients using zwitterionic gel-state SLBs, that display 

negligible mobility at room temperature (< 10-3 µm2/s), and chemically modified them.24 

This chip-based system also allows us 1) to prepare continuous gradients, 2) to modify 

them with carbohydrate binding ligands and 3) to probe the effect of shear stress on 

binding of E. coli by varying the flow speed. To prepare mannose gradients (Figure 7.1a) 

µSLB electrophoresis chips (Figure S7.1, Section 7.6, Supporting Information) were 

used that have interdigitated gold electrodes (spaced 500 μm), Cr corrals (spaced 100 - 

400 μm) and are equipped with a PDMS flow channel (5,000 x 500 x 50 µm). The chips 

were first modified with a gel-state SLB, based on DPPC (Tm 41⁰C), by means of vesicle 

fusion at 60⁰C (Figure 7.1a, Step 1). The high Tm of DPPC particularly provides a 

convenient temperature window in which no lateral mobility was observed. Included in 

the vesicles were DPPE lipids, which were used for subsequent chemical modification, 

and fluorescent and negatively charged TR-DHPE lipids, which were used for 

visualization of the gradients. After cooling the chip to room temperature (T < Tm) the 

amine group of DPPE-lipids in the SLB was reacted with the heterobifunctional sulfo-

SMCC crosslinker and subsequently with a thiol functionalized mannose (mannose-SH) 

to yield mannose-functionalized SLBs (Figure 7.1a, Step 2).25 Upon heating the device 

above the Tm once more, µSLB electrophoresis was performed resulting in 

electrophoretic migration of single negatively charged mannose-modified DPPE lipids 

and TR-DHPE (Figure S7.2, Section 7.6, Supporting Information). After 30 minutes of 

electrophoresis and continuous flowing liquid in opposed direction, the chip was 

rapidly cooled down to room temperature to lock the gradients in time (Figure 7.1a, 

Step 3). To evaluate the binding characteristics of bacteria, the mannose gradients 

were incubated with E. coli strain ORN178, expressing wild type FimHK514, and control 

strain ORN208, expressing a mutated inactive form of FimHK514 (Figure 7.1a, Step 4). 

The binding behavior of the ORN strains was further probed by monitoring the 

detachment of bound bacteria upon increasing the flow speed and thus shear stress 

(Figure 7.1a, Step 4).   
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Figure 7.1. a) The steps to generate SLB-based mannose gradients for bacterial binding. (see text for 

details) and b) chemical structures of the corresponding molecular components. 

7.2. Results and Discussions 

7.2.1. QCM-D characterization 

First, the modification of the SLB with mannose was validated using quartz-crystal 

microbalance with dissipation monitoring (QCM-D). To this end, borosilicate-coated 

QCM resonators were modified with either a gel-state MPPC-based SLB (Tm 35oC) or a 

liquid-state DOPC-based SLB. MPPC was used instead of DPPC since it yielded a more 

stable QCM-D response due to the possibility of using a lower temperature for SLB 

formation. The liquid-state SLB system was included as a comparison since it was 

possible to perform all the steps at room temperature, which is ideal for the QCM 

measurements. The SLBs were also doped with 0.2 mol% TR-DHPE and 1 mol% DPPE. The 

characteristic response of vesicle fusion leading to the formation of the SLB was 

observed, yielding a -25 Hz frequency change (∆f) (Figure 7.2a, d), which is in 

agreement with literature.26 Both the reaction of sulfo-SMCC and the subsequent 

conjugation of mannose-SH  resulted in changes in frequency ∆f and dissipation ∆D 
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(Figure 7.2b, c, e, f). These changes stabilized after 30 and 50 min, respectively, 

indicating that the reaction was complete. Larger shifts in ∆D and ∆f were observed 

after coupling of mannose-SH, which is presumably related to a more flexible, polar and 

extended structure involving additional coupled water.27 However it must be noted 

that unexpectedly large Δf and ∆D changes were observed during this step in the case 

of gel-state SLBs. We attribute this to artifacts generated by measuring modifications 

on SLBs in the gel-state since liquid-state SLBs did not show this behavior (Figure 7.2f).  

 

Figure 7.2.  Evaluating mannose-modified SLB with QCM-D. Changes in resonant frequency (∆f, 

black) and dissipation (∆D, grey) were followed during the formation of SLBs doped with 1 mol% 

DPPE and 0.2 mol% TR-DHPE – a) MPPC-based SLB at 45oC and d) DOPC-based SLB at 22oC. b), e) 

Reaction of 5 mM sulfo-SMCC and c), f) 1 mM mannose-SH (Man-SH) at 22oC in all cases.  

The binding properties of the mannose-modified SLBs were assessed by flowing a 1 µM 

solution of lectin protein Conconavalin A (ConA) (Figure 7.3). ConA is homotetrameric 

lectin that is able to bind surface immobilized mannose.28 Binding of ConA to the 

mannose-modified SLB occurred within 15 min and only slowly dissociated during 

rinsing with buffer (Buff). Upon introduction of a 10 mM mannose solution (Man), fast 

dissociation of ConA from the gel-state SLB was noted. Slightly larger ∆f and 

considerably larger ∆D shifts were observed in with the gels-state SLBs (Figure 7.3a) 

compared to the liquid-state SLBs (Figure 7.3b). The higher dissipation change indicates 
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larger viscoelastic effects in gel-state SLBs on the assembly of additional layers of 

molecules. No ConA binding was observed to unmodified MPPC-SLB doped with DPPE 

and TR-DHPE, confirming specific interaction and the non-fouling nature of SLBs 

(Figure S7.3, Section 7.6, Supporting Information).  

 

Figure 7.3.  QCM-D response (∆f – black, ∆D - grey) of ConA adhesion and dissociation on a) gel-state 

SLBs and b) liquid-state SLBs. 

The QCM-D experiments confirmed the in situ formation of DPPE-mannose and its 

specific interaction with ConA.  

7.2.2. Bacterial adhesion to mannose gradients 

To study E. coli binding, mannose-SLB gradients were prepared and incubated with E. 

coli strain ORN178 or control strain ORN208. Specific binding of ORN178 was observed 

across the device after flushing the surface to remove non-adherent cells (Figure 7.4a). 

The electrophoretic build-up of DPPE-mannose was deduced with TR-DHPE.29 SLBs 

were compartmentalized into different sized corrals and during gradient formation, the 

highest buildup of TR-DHPE was observed in the 210 and 430 µm long corrals (Figure 

7.4b). The 430 µm long corrals allowed for the formation of a more gradual gradient, 

which enabled the analysis of more bacterial cells within individual ranges of mannose 

surface density. All further analysis was carried out based on bacterial behavior within 

this corral. 
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Figure 7.4.  Specific binding of ORN178 to the mannose gradients on locked-in SLBs. a) Fluorescence 

microscopy image of the mannose gradient (TR-DHPE) and bright field microscopy images of ORN178 

and ORN208 binding. The bacteria are given a false color to guide the eye i.e. ORN178 green and 

ORN208 red. Negligible binding of ORN208 was observed. b) Density dependent binding of ORN178 

to all the corrals, i.e. 100, 210 and 430 µm in length, was noted after washing away non-adherent 

cells. Top - the respective fluorescence and bright field images after ORN178 binding. The bacteria 

are quantified in bins and plotted against the fluorescence of TR-DHPE in the gradient. Scale bar 100 

µm. 

In Figure 7.5a the bacterial binding to the mannose gradient is shown for the 430 µm 

long corral. The adherent bacteria are given a false color and are binned. The TR-DHPE 

fluorescence image in Figure 7.5a exhibits a distinct exponential fluorescence build-up 

along the corral. Only ORN178 shows a clear density dependent binding with the 

gradient (Figure 7.5b) whereas only negligible binding of control ORN208 was noted 

i.e. ca. 5% compared to ORN178 under flow conditions (Figure 7.5c). Control 

experiments performed on unmodified DPPC-based SLBs doped with DPPE and TR-

DHPE revealed no interaction between the cells and the zwitterionic gel-state SLBs 

(Figure S7.4, Section 7.6, Supporting Information), suggesting specific interaction of 

the FimH receptor with DPPE-mannose in the gradient. By varying the doping density of 

DPPE, i.e. 0.4, 2 and 4 mol%, a quasi-binding plot for ORN178 could be deduced (Figure 
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7.5d). A significant rise in the number of adhered bacteria by an order of magnitude 

within a very narrow window of rising mannose density is clearly seen. Beyond 1 mol% 

mannose surface density, the number of adhered bacterial cells remains constant. 

Based on the TR-DHPE fluorescence and DPPE-doping density, the average inter-ligand 

spacing and thus mannose density was deduced.30 The binding data was fitted to the 

Hill equation and yields a Kd of 0.9 x 10-21 M, similar to the value reported by Guo and co-

workers i.e. 1.0 x 10-21 M.31 Interestingly, it was not possible to fit the plot with the Hill 

equation having an n-value of 1 (Figure S7.5, Section 7.6, Supporting Information). 

Allowing the fitting to be done with a variable n-value resulted in n = 4.2. These 

characteristics, combined with the fact that a the Kd value of a single FimH-mannose 

interaction is reported to be in the µM range,15 indicates that the bacteria interact with 

the gradient surfaces in a multivalent manner. This is expected since the bacterial 

surface has a few 100 type 1 fimbriae that can interact with surface immobilized 

mannose units. These experiments demonstrate that continuous SLB gradient chips 

can be easily employed for specificity and binding studies.31 

 

Figure 7.5.  Bacterial gradient on 0.4 mol% DPPE-mannose, 430 µm long corral. a) Bright field 

micrographs of ORN178 (green) and ORN208 (red) binding at 100 dynes cm-2, scale bar 100 µm. Cell 

density vs. TR-DHPE fluorescence of b) ORN178 and c) ORN208. d) ORN178 binding plot fitted to Hill 

(solid red line). 

In addition, since our chip is equipped with a flow channel, the effect of shear stress on 

these binding characteristics can be simultaneously analyzed. To that end, the flow 
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speed was varied while monitoring detachment and displacement of the bacterial cells 

with microscopy (Figure 7.6). To accurately describe the shear stress near the surface, a 

finite element simulation was performed (Figure S7.6, Section 7.6, Supporting 

Information). In our study, shear stress values of up to ca. 200 dynes cm-2 were 

evaluated. This range of values is physiologically relevant, since in vivo, wall shear stress 

in human blood vessels range from a tenth, to several hundreds of dynes cm-2 for e.g. 

veins and stenotic vessels, respectively.32  

In the region of high bacterial cell density (bin v) driven by the high surface density of 

mannose, the majority (80 ± 10%) of ORN178 cells were able to remain bound under 

increasing shear stress (Figure 7.6a). In the two regions with the lowest density of 

mannose (bins i and ii) a significant reduction (28 ± 3%) of bound bacterial cells was 

observed while bins iii and iv represented an intermediate case (61 ± 3%). In the absence 

of flow and in the presence of cells, specific interaction of ORN178 with the mannose 

surface resulted in a twice higher initial cell density compared to ORN208 (Figure 7.6b). 

When these ORN208 cells were subjected to flow with increasing shear stress, ca. 95% 

of the initially adhered bacteria were washed away (Figure 7.6c).  

 

Figure 7.6.  Influence of shear stress on bound ORN178 and ORN208 cells to a 0.4 mol% DPPE-

mannose gradient. a) Percentage of adherent ORN178 vs. shear stress. b) Percentage of adhered 

ORN208 subjected to varying shear stresses. c) Percentage of adhered ORN208, normalized against 

ORN178 data to highlight the difference in surface density,  subjected to varying shear stresses. Cells 

were counted in 5 bins with increasing mannose surface density, i to v respectively. 

In all cases, bound bacterial cells moved across the surface in the flow direction each 

time promptly after the flow speed was increased. In the case flow speeds were kept 

constant, no movement was observed. This result is in agreement with a previous 

report in literature where E. coli movement in time was exclusively observed at very 
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low shear stress, i.e. < 10 dynes cm-2, below the lowest shear stress tested in this study 

i.e. 14.2 dynes cm-2.11 The bacterial response is presumably related to stick-and-roll 

rolling motion of cells.11,12 However, the total displacement of adherent ORN178 cells 

varied depending on their location on the gradient. In Figure 7.7a the total 

displacement of ORN178 was measured and compared for cells bound in bins i & ii, bins 

iii & iv and bin v. A trend of decreasing ORN178 displacement with increasing surface 

density was observed, suggesting stronger surface interaction of ORN178 in bin v. This 

is confirmed by grouping ORN178 cells that either moved more than 10 µm or less than 

10 µm in bins i & ii, bins iii & iv and bin v (Figure 7.7b). The amount of cells that moved 

less than 10 µm was significantly higher for the region of the highest density of 

mannose (bin v) supportive of stronger surface interaction of the bacteria in this 

region. The proportion of cells that moved a distance of more than 10 µm increased 

with decreasing mannose surface density, highlighting the effect of mannose density 

on total bacterial displacement in flow conditions. Interesting to note is the non-linear 

behavior shown in Figure 7.6a, most evident in bins iii & iv. Here, stabilization of the 

amount of adhered cells with increasing shear stresses seems to suggest an increased 

in binding strength between mannose and the bacteria. Since the density of mannose 

remains unchanged within a region throughout the experiment, the increase in binding 

strength may presumably be related to so-called catch bonds, force-induced increase of 

the lifetime of individual receptor-ligand interactions.11 

 

Figure 7.7. Effect of shear stress on ORN178 bound to mannose-gradients. a) Percentage of adherent 

ORN178 vs. shear stress in bins i-v. b) ORN178 displacement in bins i-ii, iii-iv and v and c) the % ORN178 

cells that moved > 10 µm (inset < 10 µm). BLUE bin v, GREEN bins iii+iv and RED, bins i+ii. 
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7.3. Conclusions  

In conclusion, gradients of mannose were prepared, characterized and used to 

evaluate the binding of E. coli strain ORN178. FimH binding to the continuous locked-in 

mannose gradients was specific and shows selective binding above a threshold density 

of mannose. Moreover, the effect of shear stress on the binding and total displacement 

of ORN178 cells was investigated. A dependency was found between increasing 

mannose density, increasing cell adherence and decrease of total cell displacement. 

Bacteria bound to regions of highest mannose density on the SLB gradient were most 

prone to retain their cell-surface interactions. Our SLB gradient chip proves to be 

instrumental for probing the threshold binding in pathogen-lectin interactions on non-

fouling SLB surfaces. In a semi-high-throughput fashion and by easily varying the ligand 

density over a wide range on one chip binding characteristics can be probed under 

physiologically relevant shear conditions. 

7.4. Experimental Section 

Materials. All starting materials and chemicals were purchased from Sigma-Aldrich, 

Fluka, Serva, Becton Dickinson, Avanti Polar Lipids, Microchem, Thermo Fisher, 

Invitrogen and Fujifilm, and they were used as received, unless otherwise stated. 

Synthesis of mannose-SH is described elsewhere.33 Both ORN178 and ORN208 bacterial 

strain were kindly provided by Prof. Luc Brunsveld, TU/e. MilliQ water with a resistivity 

higher than 18 MΩcm-1 was used in all experiments. 

Chip fabrication. A bilayer lift-off recipe was used for fabricating Au electrodes on 

borofloat glass wafers. First, LOR 5A (MicroChem) was spin-coated, after which normal 

lithography was performed on top with Olin OiR 907-17 photoresist (FujiFilm) to create 

a bilayer resist stack. Electrode patterns were made by exposing the photoresist 

through a patterned photomask and developing in Olin OPD 4262 (FujiFilm). The 

develop step washed away the exposed photoresist, and etching through the LOR 5A 

layer created an undercut. Then, 5 nm Ti and 95 nm Au were deposited via e-beam 

evaporation (BAK 600, Balzers) The bilayer resist was then removed by sonication in 

acetone (20 minutes) and isopropanol (10 minutes) followed by 5 minutes immersion in 

OPD 4262, serving as a sacrificial layer to leave patterned Au electrodes on borofloat 

glass. To fabricate the Cr corrals (10 nm thick) in between the Au electrodes, the same 

procedure was performed a second time, but in this case following alignment with 

respect to the Au electrodes. 
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PDMS flow channel. A silicon flow channel master was produced by standard 

photolithography steps and deep reactive ion etching. The polydimethylsiloxane 

(PDMS) flow channels were prepared from a degassed mixture of 10:1 Sylgard 184 

elastomer and curing agent (Dow Corning Corp), which was casted onto the silicon 

master and cured at 80°C for 1 hour. The flow channels were cut to size and inlets and 

outlets were punched using a 1 mm Ø punch (Harris Uni-core, Sigma-Aldrich). After 

bonding to the chip, a flow channel of 5,000 x 500 x 50 µm is prepared. 

PDMS bonding. Chips were rinsed and sonicated extensively with acetone, ethanol and 

MilliQ water, and dried prior to UV-ozone exposure (UV/Ozone Procleaner plus, 

Bioforce Nanosciences) for at least 20 minutes. After UV exposure, the chips were 

rinsed with ethanol, water and dried under a stream of nitrogen. Both cut-out PDMS 

flow channels and cleaned chips were treated with oxygen plasma for 30 seconds at 40 

W (Plasma prep II, SPI supplies) after which they were bonded immediately. The chips 

were placed on a hot plate for 10 minutes at 70⁰C to increase the binding strength. 

Tygon tubing (VWR, 0.25 mm inner Ø and 0.76 mm outer Ø) was inserted into the 

PDMS. The assembled µSLB electrophoresis chip was placed in an oven at 60⁰C for 1 

hour. Leak-free operation was shown for flow rates up to 2 mL/min. 

Vesicle preparation. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar 

Lipids) was stored as a 10 mg/mL stock solution in chloroform at -20oC. 1,2-

Dihexadecanoyl-sn-glycero-3-phosphoethanol-amine (DPPE, Avanti Polar Lipids) was 

stored as a 4 mg/mL stock in chloroform at -20oC. The charged lipid-dye conjugate, 

Texas Red-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, 

Invitrogen) was stored as a 1 mg/mL stock solution in methanol at -20oC. Desired molar 

ratios of the DPPC, DPPE and TR-DHPE were mixed and dried under a flow of nitrogen 

in a glass vial, and subsequently placed under vacuum overnight. The resulting lipid film 

was re-suspended by vortexing in MilliQ water to form multilamellar vesicles (MLVs) at 

1 mg/mL at 60oC. The MLV solution was extruded 11 times through a 100 nm 

polycarbonate membrane (Avanti Polar Lipids) at 60oC. The resulting large unilamellar 

vesicles (LUVs) were kept at room temperature and used within two weeks. 

SLB formation. Prior to SLB formation, wires were soldered onto the gold contact pads 

and the device was mounted onto a heat plate (IKA RCT classic) using scotch tape. 

Supported lipid bilayer (SLB) formation was achieved by dilution of the LUV solution to 

0.5 mg/mL in 1x phosphate-buffered saline (0.01 M PBS pH 7.4, Gibco, lacking MgCl2 and 

CaCl2). Prior to LUV incubation, the chips were flushed briefly with 1x PBS and heated 

till 60oC. Once heated, the chips were incubated with the vesicle suspension for at least 
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30 minutes to allow for vesicle adsorption and rupture to occur. Subsequently, the 

chips were washed with MilliQ water (300 µL/min) and allowed to cool down. From this 

point forth, care was taken to ensure no air bubbles entered the device. Once at room 

temperature, aqueous 0.5 mM hydroxymethylferrocene (FcCH2OH) was flown through 

the device at the same flow speed. 

Mannose coupling. To conjugate mannose to the primary amine of DPPE 5 mM of 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC) in 50 

mM sodium phosphate buffer (pH 7.4) was allowed to react for 1 hour at room 

temperature. Subsequently, 1 mM mannose-SH in 50 mM sodium phosphate (pH 6.8) 

was flown through the device and left to react for 1 hour. Care was taken to prepare 

fresh solutions in order to prevent NHS hydrolysis and disulfide formation, respectively. 

Afterwards the chip was extensively rinsed with milliQ prior to µSLB electrophoresis. 

µSLB electrophoresis. Electric fields were generated and currents were measured with 

a CH Instruments 760D potentiostat with the counter and reference connections 

shorted. During µSLB electrophoresis, a freshly prepared solution of 0.5 mM of 

FcCH2OH in MilliQ water was flushed through the chip at 100 µL/min. Prior to heating 

the device a potential difference of 1 V was applied for at least 30 seconds at room 

temperature. After that the chip was heated to 60oC and the potential difference of 1 V 

was applied for 30 minutes. Subsequently, the chip was cooled down rapidly on a heat 

exchanger for 5 minutes to fix the mannose surface gradient. 

Bacterial cell culture. The bacterial strains ORN178 and ORN208 were grown overnight 

in LB media using tetracycline as the selective antibiotic. These were then spun down at 

5,000 x g for 10 minutes and the supernatant was discarded. The bacteria were washed 

twice with 10 mM HEPES, 137 mM NaCl, pH 7 buffer by centrifugation and resuspension. 

Finally the bacteria were reconstituted in this buffer and their optical density at 600 nm 

was measured 

Bacterial adhesion. OD 0.1 solutions in 10 mM HEPES, 137 mM NaCl, pH 7 buffer were 

prepared of ORN178 and ORN208. Prior to flowing the bacteria through the device, 

MnCl2 and CaCl2 were added at final concentrations of 1 mM each 200 µL of bacterial 

solution was flown through the chip at 100 µL min-1. The flow was stopped and the cells 

were left to settle for 15 minutes. After the set incubation period, the flow speed was 

increased incrementally to study the effect of shear stress as well as surface mannose 

density. 
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Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research 

microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 

camera for image acquisition was used to acquire fluorescence micrographs of the TR-

DHPE gradient. To this end, green excitation (510 ≤ λ≤ 550 nm) and red emission (λ> 

590 nm) was filtered using the U-MWG2 Olympus filter cube. Bacterial adhesion was 

imaged using to top bright field illumination. To guide the eye, the bacteria were given 

a false color. In both instances ISO200 camera settings were used to record high 

quality, low noise images. In case of fluorescence micrographs, care was taken to 

ensure image acquisition was performed in the linear response regime.  

QCM-D. SLBs were formed on borosilicate QCM resonators (Q-Sense). Prior to use, the 

resonators were cleaned with Piranha for 5 minutes and rinsed with milliQ. After 

mounting the cleaned resonators in the QCM-D holder. All fluids were exchanged 

continuously at 100 µL min-1 using a peristaltic pump. The temperature was set at 45⁰C 

allowed to equilibrate while flowing degassed 0.5 times PBS (5 mM, Sigma-Aldrich, pH 

7.4). After obtaining a stable baseline (less than ∆ 0.5 Hz during 10 minutes), 0.5 mg/mL 

LUVs were flown through the device. The 1 mg/mL stock LUV solution in milliQ was 

diluted 1:1 with 1 times PBS (10 mM, Sigma-Aldrich, pH 7.4) just before vesicle addition. 

After observing the vesicle fusion process, the tem-perature was lowered to 22⁰C in the 

presence of the LUV solution. Subsequently, 50 mM sodium phosphate buffer (pH 7.4) 

was passed through until a stable baseline was reached. A freshly prepared 5 mM sulfo-

SMCC solution in 50 mM sodium phosphate buffer (pH 7.4) was allowed to react at 

room temperature Subsequently, a 1 mM mannose-SH solution in 50 mM sodium 

phosphate buffer (pH 6.8) was allowed to react at room temperature. A 1 µM 

Concanavalin A (ConA) solution in 10 mM HEPES, 137 mM NaCl, 1 mM MnCl2 and CaCl2 

pH 7 buffer was flown through the device to monitor binding. All QCM-D data is 

presented from the 5th overtone. 

Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) 

and Excel (Microsoft).  

Simulation of shear stress. Finite element analysis (COMSOL 4.4) was performed to 

gain insights into the shear stress at certain flow speeds in our device. A simulation 

domain of 500 µm x 50 µm x 1 mm was used to model the flow channel. Na-vier‐Stokes 

equations were solved for incompressible laminar flow (very low Reynolds number) 

with no‐slip boundary condi-tions at the walls. Constant volumetric flow rate was 

defined at the inlet as laminar in‐flow with 2 mm entrance length. The 3‐D model 

consisted of 430,000 elements to reach mesh independent convergence. For the 
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simulations, water was taken as the model liquid. A calculated wall shear stress per unit 

flow rate of 1.42 x 10-3 Pa µL-1 hr-1 was found. Experiments were performed to prove that 

no back pressure is evident at the flow used herein. 

Binding plots. Based on the profile plots of the TR-DHPE fluorescence, mol% per 

distance was calculated according to literature.34 We assumed full conversion of the 

DPPE to DPPE-mannose. Our QCM-D findings suggest both reactions were complete. 

Using the calculated mol% and the average lipid head-group area (DPPC 47.9 Å2), the 

amount of mannose per unit area could be calculated.30 To study the binding, bins of 20 

bacterial cells were studied. The resulting bin area was used to calculate average 

mannose density per bin. 
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7.6. Supporting Information 

7.6.1. Chip with flow-channel design 

 

Figure S7.1. a) Schematic of the µSLB electrophoresis chip with PDMS flow channel bonded to the 

surface. b) Chip design showing the different corals and flow channel dimension, scale bar 1 mm. 

Three different corrals are present on the chip which are 100 µm wide and 100, 210 or 430 µm long. 

The PDMS flow channel is bonded to the chip yielding a channel of 5,000 x 500 x 50 µm in size. 
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7.6.2. Gradient formation 

 

Figure S7.2. Stable SLB gradient formation. a) Fluorescence micrograph of a DPPC-SLB doped with 

0.2 mol% TR-DHPE 24 hrs after forming the gradient, imaged at room temperature. b) Current 

measurement during gradient formation, showing the de-pendency between temperature and 

solution conductivity. Here, four regions can be identified; i SLB at room temperature, ii heating 

above Tm (60⁰C), iii rapid cooling below Tm to lock-in the gradient and iv the cooled down device. 

Scale bar 100 µm. 

 7.6.3. ConA specific adhesion control 

 

Figure S7.3. QCM-D control experiments of ConA binding on a MPPC-SLB doped with 1 mol% DPPE 

and 0,2 mol% TR-DHPE. Black curves represent ∆f , Grey ∆D. Dotted lines show ConA binding on 

DPPE-mannose. 
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7.6.4. ORN178 specific adhesion controls 

 

Figure S7.4. Binding of ORN178 to unmodified gradients of DPPE and TR-DHPE. a) Bright field and 

fluorescence micrographs after ORN178 incubation and flushing at 100 µL min-1, scale bar 100 µm. b) 

Quantification of cell count vs. TR-DHPE fluorescence for the 430 µm long corral. Horizontal red 

dotted line indicates mean start amount of ORN178 per bin prior to flushing, grey region represents 

the SD. 

7.6.5. Binding data fits 
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Figure S7.5. Fitting of the binding data from Figure 7.5d with the Hill equation a) leaving the n-value 

variable and b) fixing n = 1. 

7.6.6. Shear stress simulations 

 

Figure S7.5. Simulation of flow and shear stress in flow channel. a) Longitudinal and axial velocity 

distributions and b) longitudinal and axial shear stress distributions at 1000 µL hr-1. 
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Chapter 8  

Incorporating bacteria as a living component in 

supramolecular self-assembled monolayers through dynamic 

nanoscale interactions 

Supramolecular assemblies, formed through non-covalent interactions, has become 

particularly attractive to develop dynamic and responsive architectures to address living 

systems at the nanoscale. Cucurbit[8]uril (CB[8]), a pumpkin shaped macrocylic host 

molecule, has been successfully used to construct various self-assembled architectures for 

biomedical applications since it can simultaneously bind two aromatic guest molecules 

within its cavity. Such architectures can also be designed to respond to external stimuli. 

Integrating living organisms as an active component into such supramolecular 

architectures would add a new dimension to the capabilities of such systems. To acheive 

this, we have incorporated supramolecular functionality at the bacterial surface by 

genetically modifying a transmembrane protein to display a CB[8]-binding motif as part of 

a cystine-stabilized miniprotein. We were able to confirm that this supramolecular motif 

on the bacterial surface specifically binds CB[8] and forms multiple intercellular ternary 

complexes leading to aggregation of the bacterial solution. We performed various 

aggregation experiments to understand how CB[8] interacts with this bacterial strain and 

also demonstrate that it can be chemically reversed using a competitor. To confirm that 

this strain can be incorporated with a CB[8] based architecture, we show that the 

bacterial cells were able to adhere to CB[8] SAMs on gold and still retain considerable 

motility for several hours, indicating that the system can potentially be used to develop 

supramolecular bacterial biomotors. The bacterial strain also has the potential to be 

combined with other CB[8] based architectures like nanoparticles, vesicles and hydrogels. 
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8.1. Introduction  

In nature, complex cellular processes are almost entirely mediated through dynamic 

non-covalent interactions between individual molecules or their assemblies. For 

example, bacteria communicate with their environment through fascinating processes 

in which natural supramolecular complexes form and disassemble rapidly, allowing for 

behaviors like chemotaxis, quorum sensing, surface adhesion and biofilm formation. 

The understanding of such processes has led to the development of powerful synthetic 

strategies that enable us to dynamically address living cells at the nanoscale. One 

approach has involved developing self-assembly-based responsive supramolecular 

materials for bacterial detection,1–3 antimicrobial therapies4 and even bacterial 

biomotor systems.5,6 An alternative but powerful approach that is still in its infancy 

involves tailoring supramolecular building blocks directly into the membranes of living 

cells. For example, Bertozzi and coworkers presented short oligonucleotides on cell 

surfaces via a metabolic labeling approach to allow for further cellular assembly 

through DNA hybridization.7 Very recently Kros and coworkers reported a liposome 

fusion process to introduce cholesterol functionalized coiled-coil forming peptides, 

which allowed for the in vivo decoration of cellular membranes.8 In prior work by 

Yousaf and coworkers such liposome fusion strategies were shown to yield three 

dimensional tissue-like structures.9 These studies not only show us that innovative 

approaches are required to address cells at the molecular level but also stress that we 

need to clearly understand the nature of the interactions between our synthetic 

molecules and complex cellular environments.  

In order to perform such studies, supramolecular architectures with mechanical, optical 

and electrochemical functionalities have been developed through careful design of 

molecular building blocks.10–13 Since these architectures utilize dynamic non-covalent 

interactions similar to those seen in biological systems, it has become particularly 

attractive to adopt them for mimicking cellular functions.14 For such purposes host-

guest systems involving macrocyclic host molecules and aromatic guests have gained a 

lot of attention since their binding properties are similar to those of proteins. One such 

group of host molecules, which have been shown to be extremely successful in 

developing constructs and platforms for biosensing and manipulating living cells are 

Cucurbit[n]urils (CB[n]). These are macrocyclic host molecules comprised of 

methylene-linked glycoluril monomers. They are symmetric and ‘barrel’-like in shape 

with two identical portal regions laced by ureido-carbonyl oxygens.15,16 Recently, the 

microscopic recognition properties of CB[n] have been exploited to create protein 
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nanowires,17 chemical sensors,18 molecular machines,19 supramolecular materials,20 

protein chips21 and drug delivery systems.22–24In particular, the selective binding of 

specific amino acid side chains to CB[n] has been exploited for sensing of protonated 

and aromatic residues.25–28 In contrast to the smaller CB[n] homologues, CB[8] has a 

larger cavity volume capable of simultaneously accommodating two aromatic amino 

acids, such as phenylalanine and tryptophan in a π-π stack geometry to form 2:1 homo-

ternary complexes.29 This binding motif has found application in the dimeric and 

tetrameric assembly of proteins30–32 and in hydrogel formation.33 On the other hand, 

multi-responsive bioactive molecular platforms have been developed by using hetero-

ternary complexes involving functional molecules conjugated to e.g. methylviologen, 

naphthol or azo-benzene.34,35 These systems have been used to target proteins and 

living cells in a manner that can be reversed by applying photochemical and 

electrochemical stimuli. As the next step, we envisioned that a new dimension of 

functionality can be introduced to such supramolecular architectures by incorporating 

living bacterial cells as an active component. This would open up possibilities to endow 

interesting properties to these dynamic supramolecular architectures like motility, self-

repair, incorporation of engineered proteins etc.  

To achieve this, we have developed a novel strategy to introduce specific, dynamic and 

reversible supramolecular functionality on the bacterial cell surface by adopting a 

bacterial display system that has been used before exclusively to identify high affinity 

peptides for various proteins. This technique involves fusing a cystine-stabilized 

miniprotein bearing randomized peptide sequences to the N-terminus of a modified 

transmembrane protein (enhanced Circularly Permutated outer membrane protein X - 

eCPX).36,37 Using this powerful technique to render chemical functionality to the 

bacterial surface has not yet been explored. Accordingly, we show that a bacterial 

strain with supramolecular functionality can be developed by displaying a miniprotein 

that can reversibly bind with the supramolecular host molecule cucurbit[8]uril (CB[8]). 

Peptides containing tryptophan or phenylalanine like FGG, WGG, GGFGG and GGWGG 

have been shown to bind CB[8] with dissociation constants in the low µM range.38,39 

For our supramolecularly addressable bacterial strain, we grafted the GGWGG 

sequence into one loop of a cystine stabilized miniprotein named Min-23 (1), then 

genetically fused this to the N-terminal of eCPX and expressed it in an MC1061 strain of 

E.coli. Since bacterial expression systems produce multiple copies of the cloned 

protein, we postulated that multivalent interactions could be established between 

bacterial cells in the presence of CB[8], resulting in their aggregation. Few reports exist 

on the use of multivalent host-guest interactions for macroscopic self-assembly, e.g. 
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the assembly of cyclodextrin-functionalized and guest-functionalized hydrogels and 

adhesion of CB-functionalized silicon chips with guest-functionalized counterparts.40,41 

However, in living systems like bacteria, various voluminous cell surface components 

like flagellae and pili could prevent CB[8] from accessing miniproteins on two separate 

bacterial cell membranes. Also, CB[8] could probably bind only adjacent miniprotein 

guests on the same bacterial surface, preventing aggregation and self-assembly onto 

monolayers. Finally, unspecific interactions between CB[8] and aromatic amino acids 

on other transmembrane proteins could possibly reduce the specificity of the system. 

Despite these potential hurdles, we were able to clearly show that specific inter-cellular 

supramolecular interactions are established by ternary complex formation between 

CB[8] and two miniprotein guests, causing bacterial assembly in solution and surfaces. 

We used this phenomenon to study the characteristics of the interactions between 

CB[8] and our bacterial strain. Once we gained a clear understanding of the interaction, 

we tested the assembly of this bacterial surface on CB[8] modified SAMs. We attained 

specific and reversible adhesion of our bacterial cells on these surfaces and saw that 

the cells even retained their motility indicating that the non-covalent interactions allow 

the cells to remain active.  

 
Figure 8.1. Development of a CB[8]-addressable bacterial strain. Min-23 construct 1 contains peptide 

sequence GGWGG in one loop. This was genetically fused to a modified outer membrane protein 

eCPX, which enabled it to be displayed on the outer membrane and bind CB[8]. 
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8.2. Results and Discussions 

8.2.1. Detection of the display proteins by SDS-PAGE 

First we wanted to test whether our modified miniproteins were displayed on the 

surface of our bacterial cells. As negative control in all experiments, a β-trypsin inhibitor 

knottin (2)42 was separately expressed and fused to the N-terminal of eCPX. To verify 

that the display proteins were being expressed, SDS-PAGE was performed on cell 

lysates. Due to their low expression yields and poor solubility, a modified strategy was 

used. To maximize production, the cultures were allowed to express the proteins for 16 

hrs after arabinose induction. Lysis was performed using Bugbuster® and benzonase 

and to improve the solubility of these outer membrane proteins, an equal volume of 5% 

(w/v) SDS and 6 M Guanidine HCl was also added during the lysis. These samples were 

then mixed with an excess (3 volumes) of sample loading buffer (125 mM Tris-HCl, 20% 

v/v glycerol, 5% SDS, 0.02% bromophenol blue, 10% v/v  β-mercaptoethanol) and heated 

to 99oC for 15 mins. These were then resolved using a 12% polyacrylamide gel. Lysates 

from MC1061 cells displaying 1, 2 and nothing were compared. In Figure 8.2a, the bands 

in the boxes correspond to the molecular weights of the appropriate proteins for each 

sample. To make sure that the bands did indeed correspond to our outer membrane 

proteins, we performed another experiment where we lysed the cells using Bugbuster® 

and benzonase and spun down to separate the soluble and insoluble fraction. The 

insoluble fraction, in the form of a pellet, was resolubilized in a solution of 6 M 

Guanidine HCl containing 5% (w/v) SDS. Both fractions were separately mixed with 3 

volumes of sample loading buffer and heated to 99oC for 15 minutes. It can be seen in 

Figure 8.2b that the bands from the previous gel got separated between the soluble 

and insoluble fractions. As expected, the bands corresponding to our outer membrane 

display proteins were seen in the insoluble fraction. 
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Figure 8.2. SDS-PAGE results of resolving solubilized cell lysate proteins from MC1061 cells displaying 

nothing, 1 and 2. The bands in the squares correspond to the required proteins. The numbers on the 

left correspond to the molecular weight of each band of the ladder Precision (Plus Protein™ 

Unstained Standards) in kDa. eCPX-1 and eCPX-2 have a molecular weight of ~23 kDa. a) Entire cell 

lysate solubilized in guanidine HCl with SDS and b) cell lysates divided into soluble and insoluble 

fractions. 

8.2.2. Testing the display system 

Flow cytometry experiments with fluorescein isothiocyanate (FITC)-labeled trypsin 

were carried out as an additional verification that the miniproteins were being 

displayed (Figure 8.3). Bovine β-trypsin was labeled using fluorescein isothiocyanate 

(FITC) with nearly 40% efficiency as determined from its UV absorbance spectra. 

Bacterial cells displaying 2 in PBS were incubated with 50 nM of this labeled protein for 

1 hr at 4oC. The cells were spun down at 6000g for 5 mins, the supernatant was 

discarded and the cells were resuspended in PBS. This was repeated twice to wash the 

cells thoroughly. As a negative control, a bacterial strain displaying a different 

miniprotein was used.  

After calibration of the flow cytometer Hoechst dye 33342 stained bacterial cells to be 

counted were flowed through the machine. Among bacterial cells displaying 2, nearly 

40% were detected to be fluorescent, indicating that the labeled trypsin was bound to 
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them as shown in Figure 8.3. In the case of the negative control only a negligible 

proportion was detected as fluorescent.  

 

Figure 8.3. Flow cytometry results of labeled trypsin binding display bacteria. The red dots indicate 

bacteria sized particles and quadrant Q2 represents the fraction of bacteria which are detected as 

fluorescent.  

8.2.3. CB[8]-mediated bacterial aggregation 

In the case of the strain engineered to display our GGWGG peptide sequence-

containing miniprotein 1, we expected that CB[8] could cause aggregation of a bacterial 

culture if the miniproteins were sufficiently accessible. To test whether such 

supramolecular assembly would occur despite the hurdles mentioned before, we 

prepared solutions containing 25µM CB[8] and the bacteria displaying 1 and 2. Within 20 

min aggregation was visible to the naked eye in culture displaying 1 and was recorded 

as shown in Figure 8.4 (Section 8.7, Video 8.1). In the next 10 min, nearly all the bacteria 

had been pulled down. In the culture displaying 2, some aggregation was seen around 

50 min, but appeared gradual and led to less than a third of the culture being pulled 

down over a total time of 90 min. These results were also recorded by measuring the 

optical density of the cultures at 600 nm (Figure 8.4b, inset). To enlarge the probing 

volume and simultaneously record multiple samples we opted to quantify the data 

from the recorded videos by taking the mean grey value of the cultures as a measure of 

the bacterial density while monitoring at constant light intensity (Figure 8.4b and 

Section 8.7, Video 8.1). The specificity of the assembly was always verified using the 

bacterial culture displaying 2 as a negative control while performing all the ensuing 

experiments. Staining the cells with Hoechst dye 33342 enabled us to clearly see that 

over large areas the bacterial cells displaying 2 are distributed quite homogeneously 

(Figure 8.4d) while those displaying 1 are aggregated into clusters (Figure 8.4e). To 

further verify that aggregation is caused specifically by ternary complex formation we 
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used CB[7] as a negative control as the smaller cavity size of CB[7] can host only one 

tryptophan at a time. As expected, aggregation rapidly occurred only in the culture 

mixed with 25µM CB[8] while no aggregation was witnessed in the culture mixed with 

25µM CB[7] even after a much longer time (Figure 8.4c and Section 8.7, Video 8.2).  

 

Figure 8.4.  (a) Snapshot images of the aggregation of bacteria in solution upon addition of CB[8]. 

Plots displaying aggregation kinetics, obtained from time-lapse snapshot, using b) 1.0 O.D.600nm 

bacterial solutions displaying 1 (red) and 2 (black) with 25 μM CB[8]. Inset represents data obtained 

from following optical density at 600 nm. c) 1.0 O.D.600nm bacterial solutions displaying 1 with 25 

μM CB[8] (red) and CB[7] (black). Epifluorescence microscopy images of H33342 stained bacteria 

forming clusters when mixed with CB[8] in the case of cells displaying 1 (d) and absence of clusters 

seen in the case of cells displaying 2 (e).  
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8.2.4. Aggregation kinetics 

Confident that the assembly occurred due to specific intercellular interactions between 

CB[8] and our surface-displayed miniproteins, we decided to study some characteristics 

of this supramolecular phenomenon. Accordingly, we performed aggregation 

experiments with different CB[8] concentrations and found that the rate was clearly 

dependent on this parameter (Figure 8.5a and Section 8.7, Video 8.3). Plotting the 

aggregation rates against CB[8] concentrations gave us a binding-curve (Figure 8.5d) 

from which we derived  an EC50 value of around 7 µM using the 4-parameter logistic 

equation: 

𝑅 = 𝑑 +
(𝑎−𝑑)

1+ (
𝑥

𝐸𝐶50
)

𝑏 (eq 8.1) 

where ‘R’ represents response values, which in our case corresponds to the rates of 

aggregation, ‘a’ and ‘d’ are the lower and upper asymptote values respectively, ‘EC50’ is 

the inflection point, which is equivalent to the concentration corresponding to the half 

maximal rate of aggregation and ‘b’ is the slope at the inflection point. 

As expected, this is within an agreeable range for the binding of CB[8] with such 

aromatic amino acid containing peptides. Depending on the peptide sequence and the 

N/C terminal nature of the aromatic amino acid, it has been determined that CB[8] 

binds with dissociation constants ranging from 10-6 to 10-3 M as shown in Table 8.1 
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Table 8.1. Reported binding affinities of various aromatic amino acid based peptides with CB[8].43–45 

All binding affinities reported are for CB[8] binding with the underlined aromatic amino acids in the 

peptide sequences. KdMV is the dissociation constant for an amino acid (X) binding a preformed 

CB[8]-Methylviologen binary complex. Kd1 is the dissociation constant for an amino acid (X) binding 

free CB[8]. Kd2 is the a dissociation constant for an amino acid (X) binding a preformed CB[8]-X 

binary complex. Kdter is the overall dissociation constant of a CB[8]:X2 ternary complex  

X 
MV:CB[8]:X 

(KdMV) (M) 

X:CB[8] 

(Kd1) (M) 

X:CB[8]:X 

(Kd2) (M) 

CB[8]:X2 

(Kdter) (M2) 

Tryptophan (W) 23 x 10-6 - - 15 x 10-9 

Phenylalanine (F) 188 x 10-6 - - 9.1 x 10-9 

Tyrosine (Y) 4.55 x 10-4 - - - 

WGG 7.7 x 10-6 7.7 x 10-6 35.7 x 10-6 0.3 x 10-9 

GWG 4.76 x 10-5 - - - 

GGW 3.23 x 10-4 - - - 

FGG - - - 6.7 x 10-12 

GGWGG 40 x 10-6 - - - 

AEFRH - 1.32 x 10-6 2.10 x 10-5 2.67 x 10-11 

LVFIA - 7.99 x 10-6 1.63 x 10-5 1.30 x 10-10 

VIFAE - 2.68 x 10-8 2.36 x 10-6 6.33 x 10-14 

 

Subsequently, we also performed aggregation experiments keeping CB[8] 

concentration at 25 µM and varying the bacterial densities. The rate of aggregation 

increased with higher bacterial densities as seen in Figure 8.5b and Video 8.4 (Section 

8.7). To determine the order of the aggregation event, we took bacterial density as 

concentration and the reciprocal of aggregation rate as time. A plot of ln(Bacterial 

density) against reciprocal of aggregation rate resulted in a linear trend, appropriately 
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indicating that the complex phenomenon of aggregation follows first order kinetics as 

a function of bacterial density (Figure 8.5e). This is most likely due to the fact that the 

concentration of the surface-displayed miniproteins amounts to low nM values at the 

bacterial densities we use. Thus there is a huge excess of CB[8] available in solution and 

its concentration does not vary significantly even when all miniproteins are bound to 

CB[8] molecules. This amount of CB[8] is required to satisfy the affinity requirements 

for ternary complex formation as determined in Figure 8.5d but also causes the 

phenomenon to follow first order kinetics with dependence on bacterial density.  

From these experiments, we were able to postulate a simplified mechanism for the 

aggregation (Figure 8.5g), similar to some that have been proposed to explain 

aggregation of lipid vesicles.46 In this model, we propose that a first quick step occurs 

where CB[8] binds to the GGWGG motif on the bacterial surface since CB[8] 

concentration is several orders higher than the GGWGG motif (low nM range). Thus the 

coverage of CB[8] on the bacterial surface varies with CB[8] concentration. This 

converts the bacterial cells into active binding entities that are able to stick to each 

other on collision. First clusters form and grow in size leading to aggregation. Since this 

step depends on the number of collisions that occur over time, varying the bacterial 

density has a direct influence on the rate of aggregation.  

The ability to reverse the effects of supramolecular interactions is a powerful property 

of such systems. Agitation of an aggregated sample disperses the bacteria in solution 

as smaller clusters but aggregation reoccurs when the agitation is stopped. To reverse 

the aggregation effect we selected a peptide with an N-terminal phenylalanine 

followed by 6 glycines (FG6) as a CB[8] competitor. We first performed cell viability 

tests, which ensured that FG6 was not cytotoxic (Figure 8.7, Experimental section). To 

study the inhibition of aggregation, we initially allowed bacterial solutions to aggregate 

in the presence of 25 µM CB[8]. Different concentrations of FG6 up to 1 mM were then 

added to each sample and briefly agitated by mild shaking. The agitation was then 

stopped and re-aggregation was monitored. The sample with no added FG6 

aggregated rapidly, whereas those in which FG6 was added aggregated at rates 

depending on the FG6 concentration (Figure 8.5c and Section 8.7, Video 8.5). The 

degree to which the rate of aggregation reduced in the presence of FG6 was taken as a 

measure of the extent of inhibition. This, calculated as percentage, when plotted 

against FG6 concentration, provided a trend, from which we were able to derive an 

inhibition constant (IC50) of 46 µM using equation 8.1 (Figure 8.5f), indicating that the 

addition of a soluble competitive guest peptide inhibits the association of bacteria by 

blocking all of the available CB[8] hosts. 
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Figure 8.5. (a) Aggregation of 1 O.D.600nm bacterial cultures displaying 1 when mixed with 0 µM 

(black), 5 µM (red), 7.5 µM (blue), 10 µM (pink), 25 µM (green) CB[8].b) Aggregation occurring when 

25 µM CB[8] is mixed with bacterial cultures displaying 1 having O.D.600nm values of 1 (black), 0.8 

(red), 0.6 (blue), 0.4 (green) and 0.2 (pink).c) Initial aggregation of individual samples all containing 

25 µM CB[8] and 1.0 O.D.600nm density of bacterial cultures displaying 1 (black lines). The colored 

curves represent aggregation occurring after adding 0 µM (red), 50 µM (blue), 75 µM (green), 200 

µM (pink) and 1000 µM (orange) FG6 peptide to the samples and briefly agitating them. d) 

Aggregation rates vs CB[8] concentration fitted with equation 8.1 to obtain an EC50 value. e) 

ln(Bacterial density) Vs reciprocal of aggregation rate with a linear fit indicating first order kinetics. 

f) Reduction in the rate of aggregation plotted as a % of initial aggregation against different 

concentrations of FG6 fitted to equation 8.1. g) Proposed mechanism of aggregation and 

reversibility with each step of the process next to the plots analyzing the corresponding kinetics. 
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8.2.5. Supramolecular surface adhesion 

Having confirmed the surpramolecular nature of the interaction between the bacterial 

surface and CB[8] and determined its various characteristics, we intended to show that 

the bacterial strain could be incorporated into an existing molecular architecture of 

CB[8]. We had previously shown that it was possible to use self-assembled monolayers 

(SAMs) of CB[8], non-covalently displaying an RGD motif, for reversible cell adhesion.47 

Incorporating our bacterial strain into these SAMs would allow the possibility to 

introduce interesting properties to the architecture. It has been shown in the past that 

by adhering bacterial cells to surfaces, their motility can be used to convert chemical 

energy into mechanical energy for micron scale devices.5,6 We thought our bacterial 

cells on CB[8]-bearing surfaces would still retain a certain extent of motility due to the 

non-covalent nature of the adhesion. Also, in this system, we avoid chemical 

modification of the bacterial surface, which is usually prone to alter properties of cells.  

To test this out, we first attempted to immobilize our bacteria onto CB[8] monolayers. 

The monolayers were prepared on gold using a strategy to insert CB[8]-methylviologen 

thiol inclusion complexes into a repellent monolayer as described previously by us. On 

incubation of such substrates with bacteria displaying 1 and 2 we observed that the 

bacterial cells displaying 1 adhered in much greater numbers than the cells displaying 2 

(Figure 8.6a). Using atomic force microscopy (AFM) we were able to obtain higher 

resolution images of the immobilized bacterial cells with their flagellae seen as thin 

twisted fibers (Figure 8.6b). 

Using a flow cell, we allowed bacterial cells displaying 1 to adhere to CB[8] monolayers 

and flushed with buffer to remove non-specifically adhered bacteria. The specifically 

surface bound bacteria were highly motile, tracing long paths with considerable speed 

(Section 8.7, Video S6). Surprisingly, the rate of motility that we observed was much 

higher than other techniques found in literature.5 This movement at the surface was 

seen for up to 4 hours without alteration even when the flow cell was turned upside 

down or a flow of 1ml/min was employed. The rate of motility seems to follow a 

Gaussian distribution with a peak close to 20 µm/s (Figure 8.6c). In comparison, motile 

E. coli cells in solution are known to reach speeds of 20-40 µm/s indicating that 

supramolecular surface immobilization barely hinders this motility. To test the 

reversibility of this binding, we used the CB[8]-binding peptide FG6. As expected, most 

of the bacteria rapidly detached from the surface. Figure 8.6d indicates that within the 

first 10 min a majority of the cells detach and at 60 min very few isolated cells are still 
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seen at the surface. The detachment follows first order kinetics with an observed first 

order dissociation rate constant of about 0.13 min-1. 

 

Figure 8.6. Bacterial surface immobilization. a) Bacterial cells displaying 1 immobilized in significant 

numbers compared to bacterial cells displaying 2 (inset). Bacterial cells have been provided false 

colors to improve their visibility. b) E.coli cells and their flagellae (indicated by the arrows) seen 

using high resolution AFM. c) Distribution of the motility of immobilized bacteria fitted with the 

Gaussian function. Average rate of motility and deviation values were determined from 4 individual 

videos spanning 50s with approximately 30 motile bacterial cells in each. d) Bacterial cells/mm2 

remaining on the surface vs amount of time the surface was incubated with FG6. Bacterial counts 

and deviations were obtained from 4 separate representative images. 
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8.3. Conclusion  

In conclusion, we have successfully developed a supramolecularly accessible bacterial 

strain that can be used in conjunction with supramolecular architectures in solution and 

surfaces. The current study focuses on specificity towards CB[8] but the techniques 

presented can also be used to develop and study other strains for different host 

molecules. It would even be possible to recombinantly transfer this modified 

transmembrane protein to other bacterial strains like Shigella and Salmonella, which 

also express the outer membrane protein X. Currently we are modulating the 

characteristics of the surface based interactions and looking into applying this bacterial 

strain with other supramolecular architectures. Furthermore, we demonstrate that the 

bacterial cells were able to adhere to CB[8] monolayers and still retain considerable 

motility for several hours indicating that the system can be used to develop 

supramolecular bacterial biomotors, which hold the promise to become a macroscopic 

alternative to molecular motors.48 
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8.5. Experimental Section 

Cloning of E.coli expression plasmids. Plasmid pB33eCPX was a gift from Patrick 

Daugherty (Addgene plasmid # 23336). It contained the gene of the enhanced circularly 

permutated outer membrane protein X (eCPX). The DNA sequences of 1 and 2 were 

purchased from Eurofins MWG Operon. These sequences were ligated between OmpX 

signal sequence and eCPX using BsrGI and NheI restriction sites, which were introduced 

as follows. OmpX was amplified with a BsrGI site at its 3’end and eCPX was amplified 

with a NheI site at its 5’end. 1 and 2 were amplified with BsrGI and NheI restriction sites 

at their 5’and 3’ends. These three amplified constructs and the plasmid were digested 

with appropriate restriction enzymes, purchased from NEB, and ligated together in one 

reaction. These ligated products were transformed into NovaBlue competent cells 

(Novagen) and plated on LB-Chloramphenicol agar plates. Plasmids extracted from 
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colonies were sequenced and ones with the correct sequences were transformed into 

MC1061 competent cells from Invitrogen. The final constructs were of the form (OmpX 

Signal sequence - Thrombin cleavage site - Cystine stabilized miniprotein - eCPX). 

Miniprotein primary sequences 

1 – GGWGG in Min-23 scaffold: LMRCKQDSDCLAGSVCGGWGGFCG 

2 – β-Trypsin inhibitor knottin: RVCPRILMECKKDSDCLAECVCLEHGYCG 

Bacterial Experiments. 5 mL media of LB+34 μg/ml chloramphenicol (Cam) were 

inoculated with glycerol stocks bacteria displaying 1 and 2 and incubated overnight at 

37oC with 250 rpm shaking. 100 μL of these cultures were then added into fresh 5 mL 

LB-Cam media and allowed to grow for 2h at 37oC, 250 rpm. This was then induced with 

0.04% (w/v) L-arabinose and incubated at 37oC, 250 rpm for 2h. For fluorescent 

microscopy related experiments, 1 μg/ml Hoechst 33342 dye was added and allowed to 

stain the cells for 10 min. The cultures were then spun down at 6000g for 10 min. The 

supernatant was discarded, 5 mL HEPES (10 mM) NaCl (137 mM) buffer was added and 

the cells were resuspended. This was repeated 2 times to wash the cells. Finally HEPES 

NaCl buffer was added in appropriate quantities to provide a solution with desired 

bacterial density. Bacterial cell density was determined using a Biochrom WPA CO8000 

Cell Density meter. An Olympus microscope IX71 with filters were used for recording 

fluorescent images. AFM images were recorded using an NTegra Spectra from NT-MDT. 

Real time images of bacterial aggregation were taken using a Veho VMS-004 deluxe 

microscopic  camera. Image processing and analysis was done using ImageJ. The data 

was plotted using Microcal Origin 8.0. 

Cucurbituril Solutions. Cucurbit[8]uril and cucurbit[7]uril were purchased from Sigma-

Aldrich. Due to poor solubility of CB[8] in water and its hygroscopic nature, the 

apparent molecular weight of the commercial powder and its actual concentration in 

aqueous solutions were determined for each batch using a simple and highly 

reproducible method described previously. 49 

FG6 Peptide. The FG6 peptide was a gift from Emanuela Cavatorta, produced by solid 

phase peptide synthesis and purified using reverse phase HPLC.  

Bacterial Viability Test. The bacterial viability test was conducted by preparing 3 

separate solutions of bacteria displaying 1 having O.D.600 values of 1.0 (~109 cells/ml). To 

one solution nothing was added, to the second 25µM CB8 was added and to the third 
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1mM FG6 peptide was added. These were incubated at room temperature for 4 hours 

and then 105, 104 and 103 cells/ml dilutions were made for each of the samples. 10µl of 

these dilutions were placed as drops on top of LB Agar plates containing 

chloramphenicol as a selective antibiotic. The plate was then tilted to form 3 streams 

which quickly dried. This was then incubated overnight a 37oC. As seen in Figure 8.7, all 

3 plates showed comparable number of bacterial colonies in all dilutions indicating that 

neither CB[8] nor FG6 had any cytotoxic effects 

 
Figure 8.7. Bacterial viability test. Three individual agar plates with colonies formed from 10µl of 

diluted bacterial solutions mixed with a) only buffer, b) 25µM CB[8] and c) 1mM FG6. The values 

below the lanes indicate number of bacterial cells per 10µl 

Preparation of SAMs on gold. Gold substrates were first washed with piranha solution 

(H2SO4 + 30% H2O2, v/v 70/30), and copious amounts of Milli-Q water afterwards. 

Substrates were then immersed into a mixed solution of 0.1 mM triethyleneglycol and 

2-mercaptoethanol at a ratio of 99:1 (v/v) for 3 mins, washed with water, and dried with 

N2. The binary complex of methyl viologen thiol/CB[8] was formed at the concentration 

of 50 μM, and was back inserted into triethylene glycol modified gold surfaces by 

overnight incubation. After rinsing with water for 5 min the substrates were used for 

bacterial immobilization experiments.  

Bacterial immobilization experiments. The CB[8] monolayers on gold were incubated 

with H33342 stained 0.01 OD600nm bacterial solutions containing 50 µM CB[8] for 1 hour. 

The substrates were then washed thoroughly with water and dried. These cells were 

then visualized using and epifluorescence microscope.  

Bacterial surface motility experiments. We used a macroscopic flow cell having CB[8] 

monolayers on a 20 nm thick 1 inch circular gold substrate on one side and a glass 

window on the other, enabling us to obtain images from either side. A solution 
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containing 50 µM CB[8] and 0.01 OD600nm  bacteria displaying 1 was flowed into the 

chamber and the bacteria were allowed to bind without flow for 30 min. This was 

followed by flushing the chamber with buffer and capturing images and videos of the 

motile cells in bright field mode. A 0.5 mM FG6 solution was flowed into the chamber 

and incubated for 1 hour during which almost all the cells released. Video S7 (Section 

8.7) was taken after 10 min of FG6 incubation when few cells were still seen attached. 
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8.7. Videos 

The videos from which the plots of Figures 8.4, 8.5 and 8.6 were derived have been 

provided as multimedia files and can be downloaded at 

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b00694. The timespans of all the videos 

correspond to the x-axis values in the corresponding Figures. 

Video 8.1 – Bacterial aggregation seen in bacterial strain displaying 1 but not observed 

in the strain displaying 2. 

Video 8.2 – Aggregation requires ternary complex formation. CB[8] induces 

aggregation while CB[7] does not. Upper captions indicate which cuvette had 25µM 

CB[8] and which one had 25µM CB[7].  

Video 8.3 – Rate of aggregation is dependent of CB[8] concentration. Values on the top 

denote CB[8] concentrations mixed with 1.0 O.D.600 bacterial solutions. 

Video 8.4 – Rate of aggregation is also dependent of bacterial density. Values on the 

top denote bacterial densities in O.D.600 values mixed with 25µM CB[8]. 

Video 8.5 – Aggregation is reversible. First, aggregation of the bacterial strain 

displaying 1 (1.0 O.D.600) in the presence of 25µM CB[8] is shown. Second, different 

concentrations of FG6 peptide mixed with the same bacterial solutions are shown. Re-

aggregation is inhibited depending on FG6 concentration. Values on the top denote 

FG6 concentrations in µM. 

Video 8.6 – Motility of bacteria immobilized on CB[8] monolayers. The video shows 

motility after 4 hours of immobilization. 

Video 8.7 – Motility of bacteria immobilized on CB[8] monolayers after 10 mins of 

incubation with 0.5mM FG6.  
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9.1. Introduction  

The exploration of combining bacterial and supramolecular components to develop 

novel systems such as those that are described in this thesis provide a glimpse of the 

versatility offered by the combination. Each component and concept of this toolbox 

can be used interchangeably and also applied to various other fields. For instance, 

components such as cucurbit[8]uril (CB[8]), β-cyclodextrin, self-assembled monolayers 

(SAMs), supported lipid bilayers and cysteine-stabilized miniproteins and concepts like 

reversible binding, multivalency, aggregation and stimuli-responsiveness have been 

used in different combinations in each chapter to demonstrate the construction of 

different supramolecular bacterial systems. Obviously, there exists a vast ocean of 

possibilities to expand upon these systems and acquire new insights into various 

molecular and macromolecular processes involved. Such efforts are being made by our 

group and others resulting in the rapid development of associated multi-disciplinary 

fields. With this perspective, this epilogue summarizes preliminary results from a few 

studies being conducted to explore future avenues in supramolecular biological 

systems.  

9.2. Cell-adhesion force spectroscopy on supramolecular surfaces 

Self-assembled monolayers of CB[8] and its associated guests have been employed in 

Chapters 3 and 8 of this thesis. These monolayers allow the presentation of bioactive 

ligands in a dynamic and reversible manner, highly suitable for biological studies. Apart 

from bacteria, such SAMs have also been employed to address mammalian cells. Our 

group has employed CB[8]-MV2+ SAMs along with a second guest that displays the 

integrin-binding peptide Arg-Gly-Asp (RGD) for the construction of an electrochemically 

responsive platform for cell adhesion.1,2 Electrochemical reduction of MV2+ to the 

radical cation of methyl viologen (MV+.) results in the disassembly of the ternary 

complex, causing adhered cells to be released from the surface. Using microelectrodes, 

release of only parts of a cell from the surface has also been achieved.1,2 Such a 

platform has great potential in studying cell adhesion and migration processes and can 

also be used to provide additional functionality to improve medical implants like stents.  

However, the non-covalent interactions between individual components involved in 

such supramolecular surfaces are relatively weak (1 - 10 µM)3,4 with a high rate of 

association (ka = 9.6 x 107 M-1 s-1) and rapid rate of dissociation (kd = 1200 s-1) for the 

second guest, naphthol (Np).5 This could potentially suggest that cell adhesion does 

not occur on these non-covalently assembled surfaces to the same extent as it does on 
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more traditional surfaces where ligands are immobilized in a covalent manner.6–9 

Through fluorescent labelling, it was determined that mouse myoblast cells (C2C12) 

adhering to surfaces with both covalently and non-covalently linked ligands had well-

formed focal adhesions and actin networks during the course of several hours (Figure 

9.1). This indicated that the cell contractility on our supramolecular surfaces could be 

comparable to surfaces with covalently immobilized ligands.  

 

Figure 9.1. Fluorescent overlaid images of C2C12 cells on the covalent and non-covalent surfaces, 

stained to visualize actin (red), focal adhesion protein vinculin (green) and cell nuclei (blue). Time-

points indicated on the top left of the images correspond to number of hours after cell seeding. 

To gain a better understanding of the forces involved between adhered cells and 

supramolecular surfaces, we used a relatively new technique called FluidFM.10 As 

shown in Figure 9.2a, it utilizes an atomic force microscopy (AFM) cantilever with an 

integrated microchannel. The device functions as an AFM with the possibility to 

perform aspiration, by applying negative pressure and dispensing, by applying positive 

pressure through the microchannel like a miniscule pipette. For cell-adhesion force 

measurements,11 the cantilever is slowly lowered until the opening of the microchannel 

makes contact with a cell, which is detected by a slight upward bending of the 

cantilever. A negative fluid pressure is then applied in the microchannel to “grip” the 

cell, after which the cantilever is slowly raised again, resulting in the cell being pulled 

off the surface as shown in Figure 9.2b. As the cantilever is raised, it gets bent 

downwards since the cell is still “stuck” to the surface with a certain force. Once the 

force required to bend the cantilever exceeds the maximum cell-adhesion force, a 
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rupture event occurs, causing the cell to be picked up from the surface and the 

cantilever to return to its original shape. The bending of the cantilever is measured by 

optical beam deflection (OBD) in which an AFM laser beam is aligned to reflect off of 

the cantilever’s tip onto a photo-detector.12 The position of the beam on the detector is 

measured in volts (V). To determine the distance by which the cantilever bends, the 

sensitivity (S) is measured beforehand in nm/V by lowering the cantilever on a hard 

surface and allowing it to bend. This distance can then be converted into force (F) using 

the spring constant of the cantilever (k) determined using the Sader method13 with the 

units nN/nm. Consequently, the force is measured using eq 9.1. 

𝐹 = 𝑉𝑆𝑘 eq 9.1 

A typical force spectroscopy curve from such cell pick-up experiments is presented in 

Figure 9.2c, in which the initial drop in force represents the bending of the cantilever 

that is being raised after it has “gripped” a cell. The rupture force is the point where 

the force to bend the cantilever equals the cell-adhesion force. Beyond this point, the 

cantilever picks up the cell and returns to its original shape, represented by the force 

curve returning to its initial value. The total distance required to pull the cell off the 

surface is measured from the initial point where the cantilever bending began to when 

it reaches its original shape once more. The area of the shaded region in the force-

distance curve represents the work done by the cantilever to remove the cell from the 

surface and corresponds to the binding energy of the cell with the surface. 

Using this tool, we performed cell-adhesion force measurements on two types of RGD-

presenting surfaces. Both surfaces had a well-packed non-fouling tetraethylene glycol 

background monolayer with a reactive maleimide group displayed over 1% of the 

surface (Figure 9.2a). On the “non-covalent” surfaces, a thiolated MV2+ was conjugated 

to the maleimides to which CB[8] was able to bind. An RGD peptide conjugated with a 

naphthol unit (Np-RGD) acted as the second guest and allowed RGD to be presented on 

the surface in a non-covalent manner. On the “covalent” surfaces, an RGD peptide with 

a cysteine residue was conjugated directly to the maleimide. Mouse myoblast C2C12 

cells were allowed to adhere to these surfaces and spread for an hour after which pick-

up experiments were done for a time period of up to 4 hours. In total 49 cells were 

successfully picked up from non-covalent surfaces and 40 cells from covalent surfaces. 

From Figure 9.2d-f, it can be seen that the force, distance and work required to pick-up 

the cells from both surfaces are very similar. Since the data sets follow Gaussian 

distribution with outliers, the non-parametric Mann-Whitney test was applied and it 

was determined that significant differences did not exist between the two types of 
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surfaces for all 3 parameters. These results suggest that, even though the components 

in the non-covalent surfaces are held together by relatively weak forces, cells are still 

able to adhere considerably well. In the covalent system, the weakest link in cell-

adhesion is the non-covalent interaction between RGD and integrins on the cell surface. 

The rupture force measured during cell pick-up experiments would correspond to the 

breaking of all these interactions. Since the rupture force in the non-covalent system is 

similar to that of the covalent system, it suggests that the supramolecular ternary 

complex is comparably or more stable when compared to the RGD-integrin complex. 

Force measurement studies of adamantanes (Ad) with β-cyclodextrin (β-CD) have 

shown that the rupture force of the Ad-β-CD complex is about 100 pN.14 Since the 

association and dissociation rate constants of this complex (ka = 108 M-1 s-1, kd = 2000 s-

1)14 is in a similar range to the rate constants between Np and the CB[8]-MV2+ complex 

(ka = 9.6 x 107 M-1 s-1, kd = 1200 s-1),5 it is fair to assume that the rupture force of the 

ternary complex could be comparable based on a theory developed by Evans et al.15 On 

the other hand, force spectroscopy studies of individual RGD-integrin complexes have 

shown that the rupture forces required to disassemble this complex are generally less 

than 100 pN.16–19 This supports the idea that individual RGD-integrin interactions are 

weaker than the non-covalent interactions involved in individual supramolecular 

ternary complexes, indicating that the measured rupture forces correspond to the 

rupture of the RGD-integrin complexes in both the covalent and non-covalent systems. 

These results go to show that such non-covalent systems, with dynamic and responsive 

components, can be constructed with similar cell-adhesive properties compared to 

relatively passive but conventional covalent systems. So far, these experiments have 

indicated that actin filaments, focal adhesions, adhesion forces and cell contractility 

between cells adhering to our covalent and non-covalent surfaces are comparable.1,2 

However preliminary experiments in our group dealing with cell motility indicate that 

the extent of dynamism in the ligand display might lead to different migratory profiles. 

Further investigations are being conducted by modulating the bioactive ligand’s 

binding strength, valency and stimuli-responsiveness to understand the effects of these 

parameters on cell contractility and migration.  
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Figure 9.2. a) Schematic depicting the FluidFM system for cell-adhesion force spectroscopy. b) 

Representative pictures from a cell pick-up experiment. The black bar is the micro-channeled 

cantilever and the cell immediately to the left of it in the “Before pick-up” image is the one that was 

picked up. c) Representative Force-Distance plot beginning right after the cantilever gripped the cell. 

Box plots of the d) rupture force, e) distance and f) work done in the cell pick-up experiments (49 

cell in Non-covalent, 40 cells in Covalent). The top and bottom of the boxes correspond to the first 

and third quartiles, the line in the middle corresponds to the median and the whiskers represent the 

standard deviation of the data sets. 

9.3. Supramolecular viral protein cages 

Self-assembled viral protein cages like cowpea chlorotic mottle virus (CCMV) are widely 

used in material sciences,20  medicine21 and catalysis.22 These particles are symmetrical 

and monodisperse, can encapsulate functional cargo23,24 and have been decorated with 

a variety of drugs, fluorescent dyes, polymers and carbohydrates.25–28 CCMV is an 

icosahedral plant virus consisting of 180 identical coat proteins that self-assemble 

around the viral RNA. The spherical capsid is 28 nm in diameter. A particularly 

interesting feature of CCMV, is its defined and reversible assembly behaviour.29 
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Depending on pH and ionic strength, CCMV can disassemble into coat protein dimers 

and reassemble into non-infectious virus-like-particles (VLP). This makes it possible to 

use CCMV as an encapsulation vesicle. Reversible surface immobilization of these viral 

protein cages would enable them to be incorporated with medical implants after which 

they can be released when required for targeted deliver of their encapsulated cargo. 

Hommersom et al. recently developed a strategy for the functionalization of CCMV via 

the copper-catalyzed azide-alkyne cycloaddition (CuAAC).30  Here, we use this strategy 

to functionalize CCMV coat proteins with azobenzene (azo), which then enabled them 

to be immobilized in a photoresponsive manner to CB[8] monolayers described in 

section 9.2 (Figure 9.3a).  

After functionalization and characterization of the CCMV-azo viral protein cage, its 

interaction with CB[8] monolayers was investigated using surface plasmon resonance 

(SPR) measurements. The MV2+-surface was incubated stepwise with CB[8] and 

increasing concentrations of the virus capsid (0.5-5.0 μM apparent azo concentrations) 

to determine the association constant. Incubation with CB[8] led to a slight increase of 

the SPR signal indicating the 1:1 complex formation with MV. Next, the surface was 

incubated with increasing concentrations of CCMV-azo, resulting in a stepwise increase 

of the SPR signal due to the heteroternary complex formation between MV2+, CB[8] 

and azo (Figure 9.3b). Plotting the response against corresponding apparent azo 

concentrations provided a plot that was fitted with the Hill equation (Figure 9.3c). The 

obtained dissociation constant (Kd = 1.36 µM, n = 2.2) is over an order of magnitude 

higher than a monovalent interaction of azo with the CB[8]-MV2+ complex (Kd = 70 

µM).31 We were also unable to fit the plot with the Langmuir adsorption equation or the 

Hill equation having n = 1 since the linear regime of the plot rose too sharply and 

reached saturation over a very short range of concentrations (within 1 order of 

magnitude). These characteristics led us to believe that more than one azo is accessible 

in the contact area between the virus and the CB[8] monolayer, resulting in a 

multivalent interaction. Furthermore the dynamics and reversibility of the binding of 

CCMV-CoumAzo to the CB[8] surface were checked. The surface was first washed with 

buffer and CB[8], showing only negligible removal of virus. However, when the surface 

was incubated with (ferrocenylmethyl)trimethyl-ammonium (FcTMA+), which is a 

competitive inhibitor for CB[8], a significant decrease in the SPR signal was observed. 

Control experiments using CB[7] instead of CB[8] show no significant response 

because CB[7] is not able to include both guests. In a second control experiment native 

CCMV was incubated on a CB[8] surface. Also in this case no significant change in SPR 

signal was observed, demonstrating the evident role of azobenzene in our system. 
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The reversible immobilization, as described above, was subsequently visualized using 

microcontact printed CB[8] arrays (Figure 9.3d, e). To visualize the viral protein cages, 

the viral RNA was stained with SYBR® Safe DNA Gel Stain yielding a green fluorescence. 

In the first control experiments native CCMV was incubated with arrays of either CB[7] 

or CB[8] for 10 min (Ctrl1 and Ctrl2, Figure 9.3d). The surface was then washed, stained 

and analyzed by fluorescence microscopy. In both experiments negligible fluorescence 

was detected, hence the particles do not bind non-specifically to the CB[n] surfaces. 

Next, CCMV-azo was incubated with CB[7] arrays, which, as expected, also showed no 

significant fluorescence (Ctrl3, Figure 9.3d). In the final experiment cis- and trans-CCMV-

azo were incubated with CB[8] arrays. In the case of cis-CCMV-azo the sample was 

irradiated with UV light ( = 365 nm) prior to use, which is known to achieve ~70% 

photoisomerization from trans to cis. Since cis-azo is more hydrophilic and bulkier it is 

not able to form the charge transfer complex with MV2+ within CB8, hence no binding 

occurs.32 Therefore only faint fluorescent patterns were observed possibly due to 

residual trans-CCMV-azo (Figure 9.3d). Upon incubation of the CB[8] arrays with trans-

CCMV-azo clear circle patterns were visible (+, Figure 9.3e). These results prove that the 

immobilization of CCMV-azo on the CB[8] monolayers occurs in a specific manner. 

Furthermore, photoisomerization experiments were performed to check the 

reversibility of the binding of CCMV-azo on the CB[8] monolayers. Therefore the 

specifically adhered arrays of virus particles were irradiated with UV light (Figure 9.3e). 

We first confirmed that the irradiation would not significantly bleach the fluorescent 

arrays by irradiating them in air (UV-air), finding that the intensity dropped by about 

25%. Next, we confirmed that incubation of the substrates in virus buffer (VB, Figure 

9.3e) does not cause significant dissociation of the virus particles over 5 min (< 10% drop 

in fluorescence). Irradiation of the arrays for 5 min in virus buffer (UV-VB) caused a 

substantial drop in fluorescence (~90%) indicating that trans-cis isomerization of the azo 

moieties resulted in release of the virus particles from the surface. Localized release of 

CCMV-CoumAzo was also attempted by irradiating only a small region within the field 

of view. The fluorescence intensity of arrays within this region dropped by ~60% (In, 

Figure 9.3e), while the arrays around this irradiated spot had a drop of only ~20% (Out, 

Figure 9.3e), probably due to scattering of the irradiation. Clearly, selective photo 

responsive release of CCMV-azo was achieved.  
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Figure 9.3. a) Schematic representing the functionalization of CCMV with azo resulting in the 

construct CCMV-azo. Supramolecular surface adhesion of trans-CCMV-azo on CB[8] monolayers has 

been depicted, followed by its dissociation from the surface due to photoisomerization into cis-

CCMV-azo in the presence of  = 365 nm light. b) SPR sensogram of the binding of CCMV-azo (black) 

and CCMV (red) on CB[8] monolayers and CCMV-azo on CB[7] monolayers (blue). The shapes 

represent the injection time-points of different solutions in the SPR flow cell: buffer ( ), CB[8]/CB[7] 

( ), azobenzene concentrations ( , from left to right: 0.5, 1.0, 2.0, 4.0, 5.0 µM),  FcTMA+ ( ). c) 

Binding curve of CCMV-CoumAzo on a CB[8] monolayer fitted with the Hill equation. d) Microcontact 

printing of CCMV on a CB[7] monolayer (Ctrl1), CCMV on a CB[8] monolayer (Ctrl2), trans-CCMV-azo 

on a CB[7] monolayer (Ctrl3), cis-CCMV-azo on a CB[8] monolayer (Ctrl4), trans-CCMV-azo on a CB[8] 

monolayer (+). Data presented as mean ± SE, n = 4. Images above columns represent a width of 400 

µm. e) Release of CCMV-azo from CB[8] patterns by UV irradiation under the following conditions: 

Initial state (no irradiation) (+), irradiation in air (UV-air), substrate in VB without irradiation (VB), 

irradiation in VB (UV-VB), irradiation in a localized spot (In), region outside the irradiated spot (Out). 

Data presented as mean ± SE, n = 3. Fluorescence intensity values have been normalized to the mean 

value of (+). 
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9.4. Bioactive aggregation-induced emission systems 

Aggregation-induced emission (AIE) is a relatively unique property exhibited by some 

compounds that have the ability to show strong fluorescence only upon aggregation. 

Typical molecules that are prone to exhibit AIE have a highly dynamic, propeller-like 

structure bearing phenyl rings which are able to rotate against the central unit and 

annihilate excitons in solution.33–36 However, in the solid or in the aggregated state, this 

rotation is hindered leading to stacking of the molecules and with this π-π-stacking 

charge transfer can occur leading to emission. This phenomenon has so far been 

investigated for diverse purposes such as organic light emitting diodes,37 sensors for 

metal ions38 and explosives,39 mapping of cell viscosity40 and cell targeting41 as well as 

interactions with bacteria42 and proteins.43 In particular, molecules that exhibit AIE in 

buffered media and can specifically interact with biological and medical samples are of 

great interest to biomedical and bioanalytical researchers since easily accessible 

fluorescent read-out is provided. Here we describe the use of 

bis(phenylthio)phthalonitrile (BPTP) derivatives, which show strong aggregation-

induced emission in aqueous media, for selective aggregation and labelling of proteins 

and bacteria. The synthesized molecules have the ability to be easily equipped with 

bioactive compounds such as carbohydrates via Cu(I) catalysed click chemistry. In this 

study, we functionalized these molecules with bioactive α-D-mannose (1) and relatively 

non-fouling tetraethylene glycol (2) as shown in Figure 9.4a.  

Dissolving these compounds either separately or as mixtures in water or buffer led to 

dispersed aggregates which exhibit strong fluorescence when excited at a wavelength 

(λ) of 330 nm. When the compounds were dissolved in THF or methanol only faint 

fluorescence was detected. Transmission electron microscopy of the negatively stained 

(1 wt% uranyl acetate) compounds deposited from aqueous solutions on copper grids 

revealed round-shaped objects of ca. 16 nm in diameter as shown in Figure 9.4b. These 

results are indicative of aggregated species that are highly fluorescent in water 

whereas in a good solvent, such as THF, the aggregates are dispersed and non-

fluorescent. The transition between fluorescent aggregates and non-fluorescent 

molecules was also visualized in a series of solutions of a varying ratio of THF and water 

with a constant concentration of (1) (100 µM, Figure 9.4c). Interestingly, fluorescence 

emission seems to appear only beyond a water fraction of 80%.  

To test their applicability with biological systems, interaction studies between lectins 

and the BPTP-based aggregates were performed. To this end, mixtures of (1) and (2) in 

different ratios in buffer (pH = 7.2, 10 mM HEPES, 137 mM NaCl, 1 mM CaCl2, 1 mM 
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MnCl2) were incubated with ConcanavalinA (ConA). As shown in Figure 9.4, increasing 

the amount of (1) in the aggregates induced agglutination, which did not occur when 

(1) was absent. This result shows that a specific interaction between the mannose 

moieties and the four binding pockets of the ConA occurs. The aggregation based on 

multivalent interactions between the mannose moieties and ConA occurs instantly 

upon addition of protein to the solutions containing BPTP-based aggregates and is 

strictly dependent on the amount of mannose in the aggregates. The agglutination 

starts with a concentration of around 25% of (1) in the aggregates composed of (1) and 

(2). When the competitor α-methyl-D-mannoside is added to the solution containing 

the precipitates of (1) and ConA, the precipitate can be re-dissolved indicating that the 

binding between ConA and mannose-functionalized aggregates is reversible (Figure 

9.4e). When lectin peanut agglutinin (PNA) was used to interact with aggregates of (1), 

no agglutination was observed, confirming the specific binding of the mannose 

thiophthalonitrile to ConA. 

In a final experiment the interaction between mannose-functionalized aggregates and 

bacteria was evaluated. To this end two strains of E. coli were tested. ORN208 bears 

mutated FimH receptors that should not be able to interact with the mannose BPTP 

derivatives. ORN178 expresses wild-type FimH receptors and should be able to 

recognize the mannose moieties in (1).44,45 Since each aggregate bears hundreds of 

mannose moieties multivalent recognition is expected and bacterial aggregation 

should occur. From Figure 9.4f it is apparent that ORN208 shows neither aggregation 

nor fluorescence on the bacteria upon incubation with 50 µM (1) aggregates for 60 min. 

In strong contrast, in the case of ORN 178, large bacterial aggregates with a size of 

around 60 to 100 μm were observed. Fluorescence was found to be co-localized in the 

bacterial aggregates showing the presence of molecular BPTP aggregates between the 

single bacteria. Effective aggregation of bacteria was seen in less than 2 h. Furthermore 

no toxicity of the BPTPs was observed towards the bacterial strains used in this study 

(data not shown). Even at higher concentrations no significant effect on the viability 

was observed. These experiments show that simple molecules like BPTP can develop 

extremely useful properties when they form supramolecular structures by aggregation 

and clustering through non-covalent interactions. Functionalization with bioactive 

ligands can further expand their applicability in the fields of diagnostics, imaging and 

biosensing. Studies are being conducted to gain further insights into the structure of 

the aggregates, their stability and spectral properties. Furthermore, investigations into 

the possibilities of engineering compounds that generate different fluorescence 
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spectra, loading the aggregates with drugs and attaching different bioactive ligands are 

currently being pursued, highlighting the versatility of such systems. 

 

Figure 9.4. a) Structures of molecules used in this study and schematic presentation of the 

aggregation of ConA and E. coli in the presence of particles composed of (1) and (2). b) TEM image of 

100 μM aqueous solution of (1), negatively stained with 1 wt% uranyl acetate, and size distribution 

for TEM (blue-green) and SEM (black-grey) samples of (1). c) Photographs of 100 μM (1) in water-THF 

mixtures with increasing water fraction. d) Optical density measurement in dependency on time 

varying the ratio between (1) and (2), added to ConA; e) Optical density measurements in 

dependency on time. After 5 mins the thiophthalonitrile was added to the lectin solution and after 

29 min the competitive sugar was added. f) Bright field and fluorescence microscopy overlaid 

images for bacterial aggregation induced by 50 μM (1) in medium. Scale bar is 30 μm. 
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Summary 

For nearly over a decade, a wide variety of dynamic and responsive supramolecular 

architectures have been investigated and developed to address biological systems. 

Since the non-covalent interactions between individual molecular components in such 

architectures are similar to the interactions found in living systems, it was possible to 

integrate chemically-synthesized and naturally-occurring components to create 

platforms with interesting bioactive properties. Bacterial cells and recombinant 

proteins derived from them have been occasionally addressed and incorporated in such 

supramolecular biological systems, however a broader investigation into the various 

prospects of combining these two worlds has not yet been reported. This thesis 

represents an attempt to explore the possibilities of developing novel platforms by 

combining supramolecular chemistry with bacterial systems. The work described in this 

thesis has been organized in three sections – 1) using bacteria to produce recombinant 

proteins that can interact with supramolecular hosts and target proteins in a 

multivalent and multi-specific manner, 2) developing supramolecular platforms that 

display bioactive ligands in a  photo-responsive manner or as gradients to address 

bacteria as pathogens and 3) genetically engineering bacterial cells with a 

supramolecular binding motif in an attempt to incorporate them as living entities in 

supramolecular architectures. These studies provide a glimpse into some of the 

versatile ways in which supramolecular chemistry and bacterial systems can be 

combined. The components and concepts investigated in these chapters can be used 

interchangeably and also extended towards other fields to develop innumerable other 

systems. Some of these possibilities have been addressed in the epilogue where 

preliminary results from three projects involving mammalian cells, viral protein cages 

and aggregation-induced emission compounds have been briefly described. The 

general outlook gathered from these explorations indicates that a ripe future lies 

ahead for such supramolecular bacterial systems where the possibilities are limited only 

by imagination. 

 

 

 

 



218 

 

 

 

 



219 

 

Samenvatting 

Gedurende de jongste decennia zijn verschillende dynamische en responsieve 

supramoleculaire systemen onderzocht hoe ze zich verhouden als ze in aanraking 

komen met biologische systemen. Omdat niet-covalente interacties tussen moleculaire 

bouwstenen in supramoleculaire systemen sterk overeenkomen met de niet-covalente 

interacties in levende cellen, is er een ideale mogelijkheid geschapen om synthetische 

en levende componenten te integreren in een platform en te bestuderen hoe de 

bioactieve functionaliteit zich etableert. Bacteriële cellen en recombinante eiwitten zijn 

in de literatuur reeds op verschillende wijzen gecombineerd met supramoleculaire 

systemen, echter een bredere studie naar de mogelijkheden en beperkingen van de 

combinatie van deze twee werelden ontbreekt. Het werk in dit proefschrift laat 

uiteenlopende mogelijkheden zien van vernieuwende platformen waarbij 

supramoleculaire chemie is gecombineerd met bacteriële systemen. Hierbij is 

onderscheid gemaakt in 1) het gebruik van bacteriën voor de productie van 

recombinante eiwitten die kruisspecifieke interactie kunnen aangaan met andere 

eiwitten op meervoudige wijze, 2) het ontwikkelen van supramoleculaire platformen 

waarop bioactieve liganden lichtgevoelig of in een gradiënt vastgezet zijn en 

vervolgens gebruikt zijn voor bindingsstudies van bacteriën en pathogenen en 3) het 

genetisch introduceren van supramoleculaire bindingsplekken op transmembrane 

eiwitten in bacteriën in een poging om levende cellen op te nemen in supramoleculaire 

systemen. Gecombineerd laten deze studies zien dat de integratie van 

supramoleculaire chemie in bacteriële systemen veelzijdige nieuwe eigenschappen 

geeft. De bouwstenen en concepten die zijn onderzocht in dit proefschrift kunnen 

onderling uitgewisseld worden en uitgebreiding naar andere velden kan leiden tot 

ontelbare andere systemen. Een aanzet hiertoe is beschreven in een epiloog waarin de 

eerste resultaten van drie projecten zijn beschreven zoals het gebruik van dierlijke 

cellen, virale eiwit kooien en moleculen voor aggregatie-geïnduceerde emissie. Het 

onderzoek laat een veelbelovende toekomst zien voor supramoleculaire bacteriële 

systemen waarbij de mogelijkheden slechts gelimiteerd zijn door onze verbeelding. 
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