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Chapter 1 

General Introduction 
 

 

 

 

 

 

 

In this chapter, background information is provided on the concepts, buildings blocks, 

technology, and experimental setups used in this thesis. The increase in prevalence of 

pathogenic bacteria coupled with development of antibiotic resistance provided the motivation 

for developing and studying platforms for specific on-flow immobilization of bacteria. To 

approach this goal, we studied the concept of using supramolecular host-guest chemistry for 

immobilizing model microparticles and bacteria with cyclodextrin functionalized glass 

surfaces. Fluorescence microscopy was used as the main tool for characterizing surface 

functionalization and studying surface adhesion interactions with molecules, particles and 

bacteria. At the end of this chapter, an outline of the thesis is given.   
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1.1  Preventing the spread of pathogenic bacteria 

  

 Detection and removal of (micro)contaminants from water environments is of 

increasing interest within agriculture and waste-water treatment. In light of this, developing 

(bio)sensors for targeting microcontaminants such as bacteria is an important step in order to 

prevent spreading of pathogenic infections. Bacteria were among the first life forms on Earth 

and now constitute an extremely large portion of the Earth’s inhabitants at a population of 5 x 

1030, easily outnumbering plants and animals.1,2 Not all bacteria are purely pathogenic and 

animal life is dependent on bacteria for their survival, especially in terms of vitamin B12 

synthesis.3 However, on the other side of the spectrum, pathogenic bacteria such as Yersinia 

pestis caused deadly diseases like the bubonic plague in the Middle Ages, which is still present 

in some parts of the world today. Other bacterial diseases include cholera, syphilis, and leprosy. 

Respiratory infections such as tuberculosis is also caused by pathogenic bacteria, which still 

kills about 2 million people per year.4 

 The discovery of penicillin by Alexander Fleming in 1929 was an important step in 

fighting bacterial infections in the modern world,5 and novel antibiotics are constantly being 

developed to prevent and cure microbial infections in humans and animals. However, overuse 

of antibiotics occurred especially within human healthcare and livestock farming, due to their 

highly effective treatment of bacterial infections. This accelerated bacterial evolution to develop 

into antibiotic resistant bacteria (ARB), e.g. methicillin resistant Staphylococcus aureus 

(MRSA).6 Antibiotic resistance can spread as easily as bacteria when antibiotics, ARB, and 

genes encoding for antibiotic resistance are discharged into environmental reservoirs. 

Therefore, removal of these bacteria at the source, such as waste-water treatment plants, before 

discharge is an environmental approach to fight spread of pathogenic bacteria and ABR. 

 Water is generally the major channel through which bacteria can spread. In order to 

generate clean water, waste-water treatment plants are crucial for filtration of debris and 

removal of contaminants. The growing issue of ARB can be tackled by using an environmental 

approach, which comprises several steps. Firstly, it is important to map antibiotic resistant genes 

causing public health problems. Following from this information, the role of biological 

wastewater treatment plants in the spread of antibiotic resistance should be researched. From 

the agricultural perspective, the impact of manure application on the spread of antibiotic 

resistance from livestock production can be studied. Lastly, it is also important that new 
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technology is developed which can specifically target and remove bacteria from water, which 

is the topic of this thesis (Fig. 1.1).  

 Filters for the removal of bacteria have been designed,7-9 although achieving specificity 

for bacteria compared to other (micro)organisms and debris within a wastewater treatment setup 

is difficult. Additionally, releasing specifically captured bacteria from filters also allows for re-

using the filter for further bacteria removal, which fits within the environmental approach 

concept. In order to reach specificity within such setups, molecular recognition of the bacterial 

cell surface is required and has been explored previously through using antimicrobial 

peptides,10 specific types of carbohydrate molecules,11 antibodies and aptamers,12,13 etc. Within 

this thesis, we focused primarily on the development stage and designing functionalized 

surfaces with molecular recognition capabilities that can be used for capturing bacteria. We 

believe that this may be the key to achieve specificity in removal of bacteria from waste-water. 

In order to test this hypothesis, we looked into microfluidic based model systems and carried 

out flow experiments with synthesized microparticles and bacteria.  

 

 

  

Fig. 1.1: a) Scheme showing steps and criteria for developing and implementing filter technology for specific removal 
of bacteria from waste water. b) Picture of a waste-water treatment plant to showcase large scale of water treatment 
where the filter technology would be implemented. 
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1.2 Supramolecular platforms for pathogen removal 

 

 Within the development of new technology to target and remove bacteria from water, 

we functionalized surfaces with molecules capable of supramolecular interactions to act as 

filters for capturing bacteria. The complexity of the bacterial cell surface is shown in Fig. 1.2 

(a+b), which also shows the scale difference between components (nanometer) within the cell 

envelope and the actual size of the bacterial cell (micrometer). By using host-guest interactions, 

the cell surface of micrometer sized bacteria will be targeted by nanometer sized molecules. 

Fig. 1.2: a) Schematic representation of a bacterial cell showing the different components on the cell surface and within 
the cell, accompanied with a transmission electron microscopy (TEM) images of the cell. Figure taken from Tortora 
et al.14 b) Bacterial cell surfaces of Gram-positive and Gram-negative bacteria, also showing the different size ranges 
within the cell envelope.15 c) Concept of supramolecular immobilization of bacteria on functionalized surfaces using 
targeting agents. 
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Modification of spherical objects such as millimeter-sized beads or porous structures will 

improve the capturing efficiency as there is a higher surface-to-volume ratio when the modified 

surface is in contact with an aqueous solution of molecules or particles. On the other hand, the 

use of flat rigid objects, such as glass surfaces, allows for easily studying the immobilization 

and release of molecules and particles like bacteria to the surface using microscopy. Therefore, 

considering the complex nature of bacteria and supramolecular targeting mechanisms, we 

fabricated supramolecular functionalized flat microscope glass slides to study on-flow 

immobilization processes (Fig. 1.2c). In this case, applying a flow of solution allows for 

approaching the application within wastewater treatment. Furthermore, the molecular 

functionalization on modified surfaces can be characterized, and incorporated in microfluidic 

devices for testing flow conditions.  

 

Glass surface functionalization and patterning 

 The first step in developing a supramolecular glass platform to test for pathogen removal 

is basic surface functionalization and creation of molecular patterns to validate the modified 

surface. In the field of (bio)nanotechnology, surface functionalization with (self) assembled 

monolayers and patterning with soft lithography were spearheaded by G.M. Whitesides in the 

90’s.16 Assembled monolayers (AM) are spontaneously formed ordered domains of organic 

molecules on surfaces through adsorption processes. The adsorption of molecules on glass 

surfaces has been carried out through ‘silanization’ with organosilanes, which are silicon based 

compounds similar to hydrocarbons.17 Popular organosilanes for glass surface modification 

include perfluoroctadecyltrichlorosilane (PFOTS),18 octadecyltrimethoxysilane (OTS),19 3-

Fig. 1.3: Monolayer assembly of organosilanes to hydroxylated glass surfaces. In this case, APTES is used as 
an example for silanization. Trace amount of H2O is needed for forming intermediate silanol groups on the head 
end of the organosilane. The intermediate silanol groups on the organosilane then covalently react (curing) with 
the hydroxylated surface, regenerating water. 
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aminopropyltriethoxysilane (APTES),20 and 3-mercaptopropyltriethoxysilane (MPTS).21 

PFOTS and OTS are useful in particular for introducing anti-fouling capabilities on surfaces 

through their hydrophobic character, while APTES and MPTS, containing either amine or 

mercapto functional groups, allow for further surface functionalization steps through reactions 

with carboxylates, iso(thio)cyanates or thiol groups. APTES functionalized surfaces have been 

used for protein immobilization22, anchoring silver nanoparticles as antibiofilm surfaces23, and 

for binding thermoplastics to polydimethylsiloxane (PDMS). 24 In general, silanization of glass 

surfaces requires a hydroxylated surface (-OH) groups, a trace amount of H2O, and specific 

reaction conditions depending on the organosilane.25 The trace amount of H2O forms 

intermediate silanol groups (head end) on the organosilane which in turn covalently reacts with 

the hydroxyl groups on the glass surface (Fig. 1.3). For methoxy- and ethoxysilanes, methanol 

and ethanol are released when the intermediate silanol groups are formed through hydrolysis, 

while for trichlorosilanes hydrochloric acid is formed. The tail end, which contains the 

functional group, subsequently becomes the dominant surface chemical species that influences 

the physical and chemical properties of the modified glass surface. We focused on APTES as 

organosilane for primary surface modification as the amino tail end group can be cross-linked 

to other amine containing (bio) molecules through using p-phenelyne diisothiocyanate (PDITC) 

as an intermediate.  

 Soft lithography entails a group of techniques in which (micro)structures are replicated 

in the form of a rubber-like, elastomeric stamp by using photomasks and molds. Whitesides and 

co-workers worked on improving the fabrication and validation of (bio)sensors on surfaces 

through including patterning of molecules on the surface by using a soft lithographic technique 

known as microcontact printing (µCP).26 By patterning a surface functionality with a 

polydimethylsiloxane (PDMS) stamp, the analyte immobilization is localized to the desired 

area of the surface which functions as an experimental control (Fig. 1.4). Subsequently, positive 

Fig. 1.4: Concept of patterning surfaces through µCP with PDMS stamps. A glass surface is subjected to 
conformal contact with a pre-inked PDMS stamp. The stamp is then removed to yield a patterned surface. 
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and negative experimental controls can be placed in one field of view in order to qualify binding 

of molecules, particles or cells when viewing the surface using analytical techniques such as 

(fluorescence) microscopy.27  

 

Supramolecular interactions and host-guest chemistry 

Further modification of glass surfaces after silanization has been carried out with more 

complex (super)structures such as proteins,28 cucurbiturils,29 cyclodextrins,30 etc. These 

molecules can form supramolecular complexes through self-assembly with other molecules. 

Self-assembly is a type of selective, nature-inspired molecular recognition that functions 

similarly to the lock-and-key mechanism of enzymes and their constituent substrates.31 

Supramolecular chemistry also allows for multivalent and reversible interactions, resulting in 

quick and specific immobilization of molecules or particles that can be followed by a triggered 

release. Multivalency here means that multiple recognition events of the same kind are 

occurring simultaneously between two entities,32 such as several ligands on one entity 

interacting with several receptors on the other. Since multivalency increases binding affinity it 

also ensures selectivity between binding pairs.  

Within host-guest chemistry, the most well-known compound is cyclodextrin, which is 

a natural, non-toxic cyclic oligosaccharide shaped like a cone. Cyclodextrins have a hydrophilic 

external structure that consists of (α-1,4)-linked α-D-glucopyranose units and a hydrophobic 

internal cavity. The internal cavity can be used for encapsulating hydrophobic guest molecules 

through host-guest interactions (Fig. 1.5a).33 Host-guest chemistry is driven by hydrophobic 

and van der Waals interactions which allow hydrophobic (guest) molecules to form reversible 

inclusion complexes with the cyclodextrin (host) cavity (Fig. 1.5b). The three most popular 

Fig. 1.5: a) Structure of naturally occurring form of β-CD. b) Truncated form of β-CD (host) showing possibility 
of different functional groups on external structure and structure of adamantane (guest) which can form host-
guest inclusion complexes with β-CD cavity. c) Multivalent host-guest interactions of β-CD functionalized 
surface with diadamantane functionalized fluorophores. 
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naturally occurring cyclodextrins are α-, β-, and γ-cyclodextrin which respectively increase in 

size and consist of six, seven and eight glucopyranose units. The larger the cyclodextrin, the 

bigger the hydrophobic cavity size for encapsulating larger guests. In order to accommodate 

the use of cyclodextrins for specific applications, substitution of hydroxyl groups on the 

external structure with e.g. amine or thiols groups has been carried out and these chemically 

modified cyclodextrins are also commercially available. For these reasons, cyclodextrin is used 

in a wide variety of applications within drug delivery, food technology, and the pharmaceutical 

industry.34,35 Surfaces have been functionalized with β-cyclodextrin (β-CD) in order to capture 

molecules or nanoparticles modified with guest moieties such as adamantane,36-38 ferrocene,39 

or azobenzene (Fig. 1.5c).40 The host-guest interactions with these systems all have their unique 

properties such as the strong interaction between adamantane-β-CD and reversible binding with 

ferrocene- and azobenzene- β-CD through chemical oxidation or UV-light exposure.  

Throughout this dissertation, the focus is on the fabrication of β-CD patterned surfaces 

as a platform for potential use within bacterial cell capturing. An important step for platform 

development is characterization of the modified surface, which can be done by visualizing and 

confirming β-CD patterns through using a guest-functionalized fluorophore. To this end, we 

used a diadamantane functionalized Cyanine 5 dye.41 This dye can be immobilized rapidly on 

the patterned β-CD area through using divalent host-guest interactions with two β-CD cavities. 

Moreover, the re-usability of these fabricated surfaces can be characterized owing to the 

reversible nature of the formed inclusion complexes. 

 

Fluorescence microscopy for characterizing surfaces and surface interactions 

Fluorescence microscopy, with either optical or confocal laser scanning microscope 

systems, was used through this thesis as the main tool for characterizing patterned, 

functionalized surfaces and studying interactions of surfaces with molecules, particles and 

bacteria. Fluorescent dyes are generally attached to surfaces for characterization purposes as 

they provide a strong emission of light which can be visualized using optical and confocal 

microscopes and respective cameras depending on the wavelength of emission. Even at 

monolayer amounts of fluorescent dye, the signal intensity is high enough to be detected when 

using microscopy. In our case, validating a β-CD modified surface through addition of a 

diadamantane functionalized dye proves accessibility of β-CD‘s hydrophobic cavity and 

therefore availability for host-guest interactions.  
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Cyanine and Rhodamine B dyes were used for characterizing functionalized surfaces 

and staining particles used in binding experiments with modified surfaces. Rhodamine B is 

soluble in aqueous and alcoholic solutions and Cyanine dyes can also exist in a sulfonated form 

in order to allow solubility in aqueous solutions, although their quantum yield is higher in 

organic solvents. Cyanine dyes are ideal for use within fluorescence microscopy as they have a 

high extinction coefficient (~130 000-250 000 M-1 cm-1), are quite stable in physiological 

conditions, and have a fluorescence emission which covers a broad range of wavelengths (500-

750 nm).42 The succinimidyl ester reactive groups can be conjugated to amino-group containing 

molecules to incorporate use within (bio)applications. The success of Cyanine dyes such as 

Cyanine 5 (Cy5) has been outlined by their use in medical applications, 43,44 in which high 

brightness and resistance to photobleaching was paramount to successful analysis of labeled 

targets. Therefore, glass surface characterization was carried out with rhodamine B 

isothiocyanate staining for validation of amine groups on 3-aminopropyltriethoxysilane 

(APTES) and sulfonated Cyanine 5 functionalized to two adamantane molecules (Cy5-Ad2) 

was used for labeling pre-patterned β-CD lines on (chapters 2 and 3). Hydrophobic Cy3 and 

Cy5.5 for staining the styrene core in polystyrene particles (chapter 4) and standard Hoechst 

33342 staining was used for visualization of bacteria used in chapter 5. The structure of these 

dyes is shown in Fig. 1.6, along with approximate absorption and emission ranges of the dyes 

to take into account with epi-fluorescence and confocal microscopy.  

 

  



10 
 

  

Fig. 1.6: Structures of dye molecules Cyanine 3 (Cy3), rhodamine B isothiocyanate (RITC), Cyanine 5-
diadamantane (Cy5-Ad2), Cyanine 5.5 (Cy5.5), Hoechst 33342, and a table showing approximate excitation and 
emission ranges for fluorescence microscopy. 
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Incorporation of functionalized surfaces in microfluidic devices 

 By applying a flow of bacteria over the functionalized surface, we approach the 

application of bacteria removal within waste-water treatment plants. However, such flow 

experiments are ideally carried out on small scale within the preliminary phase. Microfluidics 

is the method of choice for mimicking the practical situation, as it focuses on the behavior and 

control of fluids within a geometrically constrained area such as a flow channel, generally 

within the micrometer to millimeter size range.45-46 It has therefore emerged as an 

interdisciplinary topic in chemistry, biology,47 physics,48-49 engineering,50 biochemistry,51 and 

nanotechnology.52 Re-sealable microfluidic flow cell systems from, for example, Micronit®, 

include an ‘empty’ glass slide and a gasket slide. The ‘empty’ glass slide can be functionalized 

to include the desired surface moiety/chemistry and the gasket slides contains the microchannel 

to determine the flow path of fluids. The two glass slides are pressed together when placed in 

the ‘flow cell holder’, which allows for incorporating inlet and outlet tubing.   

 Besides commercial microfluidic systems, fabrication of lab-built microfluidic devices 

is also a highly explored topic for lab-on-a-chip applications.53 This concept allows for more 

versatility within microfluidic device fabrication, such as varying microfluidic channel size and 

amount of channels running over one surface, according to research needs. Within lab-built 

microfluidic devices, the most popular are based on PDMS/glass hybrid microfluidic systems 

which are fabricated through replica molding and plasma etching ideated by Whitesides and 

co-workers.54-55 The slab of PDMS/PDMS replica, constructed via replica molding from 

masters containing (micro)features, forms microchannels when attached to the glass. 
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Fig. 1.7: Photographs showing a) re-sealable microfluidic flow cell device incorporated in flow cell holder and b) lab-
built microfluidic device fabricated through replica molding. c) Flow setup over microscope which includes syringe 
pump for controlling flow rate of solution. 
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1.3 Experimental setup  

 

Through using the microfluidic setup with modified surfaces as an analytical toolbox, the 

specific immobilization of bacteria mediated by molecular recognition mechanisms can be 

ascertained (Fig. 1.7). Supramolecular functionality on surfaces provides a versatile platform 

for incorporating targeting agents modified with guest molecules such as adamantane, 

azobenzene, ferrocene, etc. These targeting agents, functioning as an intermediary between 

planar surface and bacteria, can then facilitate the immobilization of bacteria to β-CD patterns 

on the surface. Analyte binding defines the final utility of the microfluidic sensor, as retention 

of the bacteria on β-CD patterns within the microfluidic device depends on successful molecular 

recognition which can then be analyzed using microscopy. As a first step, however, the 

feasibility of using supramolecular host-guest chemistry for immobilizing micrometer sized 

entities such as bacteria was validated by using model particles.  

 

Polystyrene model particles 

 Synthesized particles can be used to mimic biological systems such as viruses or bacteria 

as it allows for studying certain types of interactions in a more controlled manner. For example, 

hemagluttinin nanoparticles have been used as model particles for an influenza virus in order 

to study the nanoparticle’s immobilization to surfaces.56 The use of this model system led to 

Fig. 1.8: Amide coupling of adamantane amine to carboxyl group on model microparticles mediated by 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) and subsequent addition over β-CD modified surface for particle 
immobilization through host-guest interactions. 
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the conclusion that weak, multivalent interactions were involved in the particle’s 

immobilization to the surface and are important for the virus’ biological functioning. However, 

supramolecular functionalized surfaces have mostly been used for host-guest interactions of 

analytes within the nano-size range. Scaling up nanometer scale host-guest interactions toward 

capturing bacteria could pose a challenge in terms of larger drag forces acting on micrometer 

sized bacteria. The effect of this size difference can be roughly compared to an ant capturing a 

car. Within this situation, multivalency will be key to providing a high enough binding affinity 

to overcome drag forces acting on micro-sized entities, especially when a flow of solution is 

applied. Experimenting with model particles therefore provides information on the feasibility 

of capturing micro-sized entities with nano-sized supermolecules through multivalent host-

guest interactions. 

Polystyrene (PS) particles are eligible model particles for bacteria as they can also be 

synthesized at 1 µm size.57 They are formed through dispersion polymerization from styrene 

monomers to form particles which can contain a fluorophore and a specific functionality on the 

particle surface such as carboxyl, amine, or hydroxyl groups. Inclusion of a fluorophore within 

the polystyrene core of the particle also allows for facile discrimination on the fluorescence 

microscope when using different species of PS particles in solution. Therefore, they can also be 

tailored to meet specific requirements for the model system, such as including adamantane guest 

molecules on the particle surface which can be targeted by β-CD functionalized platforms (Fig. 

1.8).  

 

Model bacteria 

In this thesis, two model bacteria were used for experiments: Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli). This selection of bacteria was made based on their 

pathogenic effect on society and their different inherent nature e.g. gram-positive vs gram-

negative. We hypothesize that these bacteria can be targeted and captured on β-CD 

functionalized surfaces through using host-guest interactions.  

Staphylococcus aureus (S. aureus) is a gram-positive, round shaped bacterium 

discovered by Alexander Ogston in 1881. It is a food born pathogen, commonly found in 

protein-rich food, such as meat and dairy products.58 Although approximately 25-35% of people 

are actually long-term carrier of the bacterium,59 S. aureus can cause diseases, and infections 

were fatal prior to the 1940’s before the discovery of penicillin by Alexander Fleming. Present-
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day, the rise of methicillin resistant S. aureus (MRSA) from hospital-associated infections is 

becoming increasingly difficult to treat.60 MRSA also spreads through livestock farming, where 

antibiotic resistance is increasing through overuse of β-lactam antibiotics. The removal of this 

type of bacteria from environmental water reservoirs is therefore of importance.  

 The second bacterium that we used within bacterial binding experiments is Escherichia 

coli (E. coli), which is gram-negative, rod shaped bacterium discovered by Theodor Escherich 

in 1885. It is commonly found as a harmless strain in the intestines of human beings where it 

functions symbiotically and prevents colonization by invading microbes. However, it is known 

that pathogenic strains of E. coli cause issues such as food poisoning, meningitis, and 

gastroenteritis.61 Within the food industry, antibiotic strains of E. coli such as extended 

spectrum β-lactamase (ESBL) producing E. coli has also received attention recently.62  

 

  

Fig. 1.9: Functionalization of bacteria cell surface with adamantane functionalized targeting agent and subsequent 
immobilization on β-CD functionalized surface through host-guest interactions. 
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1.4 Motivation and outline of this thesis 

  

 Developing technology for specific removal of pathogenic bacteria from waste water 

streams is a challenging goal and several important criteria can be set as milestones. These 

milestones include:  

• capturing bacteria at a high enough binding affinity for use with high flow rates of 

water 

• reversibility of binding mechanisms so bacteria can be released in an isolated 

environment and exterminated  

• re-usability of the developed surfaces to decrease costs and environmental impact 

• achieving specificity so that only pathogenic bacteria are targeted and immobilized 

Here, the focus was placed on chemically modifying surfaces through covalent 

functionalization and using microfluidics as a model system for waste-water flow. This aided 

in qualitatively determining the added benefit of using specific targeting molecules for selective 

molecular recognition of model particles and bacteria. Therefore, the first part of the thesis is 

about surface functionalization and patterning on glass surfaces, followed by incorporation 

within microfluidic devices. Subsequently, the functionalized surfaces within microfluidic 

devices were tested with model particles and bacteria. For these experiments, the binding was 

characterized through varying flow rate of the solution, changing targeting ligand density on 

the particle surface, and for reversibility.  

In Chapter 2, an alternative method to microcontact printing (µCP) for creating patterns 

of covalently functionalized monolayers on glass surfaces is presented. Having molecular 

patterns on surfaces for sensing applications is important as an experimental control during 

microscope analysis for the detection of (bio) analytes, such as molecules, particles and 

bacteria. In a process called plasma microcontact patterning (PµCP), molecular patterns are 

obtained by using plasma etching in synergy with a patterned PDMS stamp placed on top of a 

functionalized surface, which removes covalently bound molecules at non-protected areas. 

Creating patterns through PµCP was studied at different steps in a surface functionalization 

protocol for fabrication of β-CD monolayers, and the patterns were visualized through addition 

of Cy5-Ad2. We also studied the effect of changing the orientation of the PDMS stamp multiple 

times during the PµCP step, in order to remove more of the surface functionalization, and then 

subjecting the surface to a solution of Cy5-Ad2.  
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 In Chapter 3, creating covalently functionalized patterns on glass surfaces by PµCP are 

combined with fabrication of PDMS/glass hybrid microfluidic devices through conventional 

replica molding. By using plasma treatment on surfaces, silanol groups are generated on non-

protected areas during PµCP. This is the same for plasma treated PDMS surfaces and when 

both ‘activated’ glass and PDMS are brought in contact with each other, they covalently attach 

to each other through ‘plasma bonding’. Therefore, we investigated the attachment of patterned 

β-CD functionalized surfaces to PDMS replicas containing microchannel features, and 

characterize the resulting microfluidic devices for chemical reactivity and re-usability with 

Cy5-Ad2 dye. 

 In Chapter 4, the on-flow immobilization of adamantane functionalized polystyrene 

particles to β-CD patterns is tested as a model system for bacterial cell immobilization. In this 

case, conventional µCP was used to pattern the surface with β-CD and a commercially available 

re-sealable flow cell system is used as microfluidic device for flow experiments. The model 

system allows for experimenting on several important parameters concerning bacterial cell 

immobilization for waste-water treatment, such as flow rate variation, targeting molecule 

density (adamantane loading on PS particles), and re-usability of fabricated surfaces. 

Furthermore, the obtained results regarding flow rate variation are compared with Comsol 

simulations and explained in terms of water physics.  

 In Chapter 5, the microfluidic devices with β-CD patterns fabricated in Chapter 3 are 

used for bacterial cell capturing experiments with S. aureus and E. coli model bacteria. The 

bacterial cells are targeted through an antimicrobial peptide isolated from ubiquitin, UBI29-41,10 

which is functionalized with two adamantane moieties (UBI-Ad2). We studied the effect of 

incubating UBI-Ad2 with bacterial cells before flow experiments over β-CD patterned 

microfluidic devices, or first incubating β-CD patterns on surfaces with UBI-Ad2 prior to 

bacteria flow. Additionally, the effect of changing the flow rate and addition of unmodified 

bacteria over β-CD patterns on surfaces was also studied.  

 In Chapter 6, a general discussion on the use of supramolecular host-guest interactions 

for removal of pathogenic bacteria from waste-water is provided. The experimental findings, 

implications, limitations and opportunities originating from the four experimental chapters are 

discussed. For approaching the application in waste-water treatment, suggestions for follow up 

projects and research are given and also a conclusion is provided.  
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Chapter 2 

Covalently Bound Monolayers Obtained by Plasma Etching on 

Glass Surfaces 
 

 

 

 

 

 

 

Micropatterns of β-cyclodextrin (β-CD) monolayers on glass are obtained by using a plasma 

etching approach with polydimethylsiloxane (PDMS) stamps. This simple and versatile 

approach provides a promising alternative to current techniques for creating patterns of 

covalently bound molecules. It was also possible to fabricate sub-10 µm sized features. 
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2.1 Introduction 
 

 For decades, molecular monolayers on surfaces have been used for the fabrication of 

functional materials. Surfaces have been modified to tune both physical properties, e.g. 

wettability, and chemical properties, e.g. supramolecular interactions.1 The resulting monolayer 

assemblies on glass have been extensively studied with a plethora of molecular sensors. One 

way to study monolayer assembly is through using bright field or fluorescence microscopy.2-4 

Within microscopy, spatial control of surface modification became important to allow 

validation within a single field of view. Therefore patterning of molecules on surfaces was 

introduced by Whitesides et al. in the form of microcontact printing (µCP).5 µCP is a soft 

lithographic technique wherein polydimethylsiloxane (PDMS) stamps are used for patterning 

surfaces, similar to Gutenberg’s printing press. The patterned PDMS stamps are generally made 

from a silicon master wafer which contains features fabricated through UV-lithography. 

Importantly, this form of patterning allows positive and negative experimental controls to be 

placed in one field of view, which is a feature that promotes qualification of analytes. However, 

a major disadvantage within µCP is that the inking and patterning step requires a lengthy 

process of trial and error, due to issues such as solvent compatibility of PDMS stamps and 

lateral spreading of inks during printing.6,7 Moreover, a clean room is often required for 

reaching sub-10 µm resolution feature size within UV-lithography and therefore also µCP. To 

circumvent the limitations of µCP, alternative surface patterning techniques were developed 

such as dip-pen nanolithography,8,9 UV-initiated photografting,10,11 and laser ablation through 

light induced molecular adsorption technology.12,13 The wide adoption of these methodologies, 

however, may be limited by production costs.  

 As an alternative, plasma initiated patterning/plasma microcontact patterning (PµCP) 

was developed by Langowski et al.14 and Picone et al.15 for creating patterns of physisorbed 

proteins on surfaces. The high energetic plasma decomposes organic molecules on the 

surface,16-19 and a patterned PDMS stamp acts as a mask to control the exposure of the surface 

to the plasma. In contrast to plasma glass etching, which relies on SF6, C4F8, or CHF3 as a 

fluorine based etchant for removing Si atoms,20 in this case, air is used as etching gas and the 

plasma decomposes only the organic molecules present on the surface, in a process known as 

isotropic ‘chemical etching’.21 So far, the PµCP technique has been predominantly used for 

creating patterns of physisorbed molecules for biological applications. We hypothesized that 

this concept is more versatile and can also be used to obtain patterns on covalently coated 



25 
 

surfaces. To demonstrate the potential of this approach, we focused on covalent surface 

modification starting from the organosilane monolayer assembly. The PµCP step can already 

be applied after organosilane modification or at a later stage to create patterns of molecules by 

protecting part of the surface during plasma treatment with a patterned PDMS stamp (Fig. 2.1). 

Further modification steps can also be carried out on the patterned surface and characterization 

is possible through labeling with specific targeting fluorophores for analysis of the surface by 

(fluorescence) microscopy. The ability to use PµCP for patterning covalently attached 

monolayers could open the field of surface functionalization without the lengthy process of 

µCP optimization or using complicated and/or expensive techniques. 

 We investigated the use of β-cyclodextrin (β-CD) on glass surfaces as a model for the 

covalent attachment of monolayers and creating patterns using PµCP methodology. The 

multiple steps for obtaining a monolayer of β-CD are well studied in literature, known as the 

‘molecular printboard’,22,23 in which covalently, surface bound β-CD has been used for 

immobilizing non-covalently guest molecules2,4,24,25 and nanoparticles.3,26 Within the field of 

supramolecular host-guest chemistry, adamantane is often used as a guest molecule because of 

its high affinity for β-CD due to its hydrophobic nature, size, and possibility for multivalent 

interactions. Therefore, the multiple steps for obtaining a monolayer of β-CD allows studying 

the effect of PμCP on different molecular moieties, with respect to retaining the host-guest 

functionality of β-CD for the immobilization of adamantane functionalized molecules. 

 

  

Fig. 2.1: Scheme showing principle of PµCP on surfaces: a) (Chemical) covalent glass slide modification with 
desired functionality, b) placing of PDMS mask on modified slide for plasma patterning, c) localized removal of 
surface functionality using plasma etching to yield patterns on glass surface, and d) further surface 
functionalization steps. 
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2.2 Experimental Section 
 

General  
 Chemicals were purchased from Sigma Aldrich/Merck unless mentioned otherwise. 

Knittel (Germany) borosilicate glass cover slips (18x18 mm, No. 1) were used as glass 

substrates for functionalization experiments. Hyper pure polished silicon wafers (76.2 mm 

diameter, University Wafer, USA) were used as silicon masters. A photomask template 

containing patterns, with different feature and spacing sizes, was designed and ordered from JD 

photo data (UK). Deionized (DI) water was used in all the experiments. Cyanine 5-

diadamantane (Cy5-Ad2) was synthesized by Dr. Mark Rood from the Interventional Molecular 

Imaging lab at the Leiden University Medical Centre (LUMC, Leiden, the Netherlands).27  

 

Instrumentation 
 For the preparation of the silicon master, a standard UV-lithography set-up was used. 

The negative photoresist on the silicon wafer was irradiated with a UV lamp at λ = 350 nm at 

50% intensity. An Inseto Plasma Etch, Inc. PE-25 benchtop air plasma cleaner was used for 

plasma cycles of 1 min at its maximum RF plasma power of 100 W with an air flow of ~5-10 

cc/min, which allowed for a vacuum pressure of 200-250 mTorr within the chamber during 

plasma treatment.† An RC6 Chemistry Hybrid Pump from Vauubrand (vacuum of 2 x 10-3 

mbar) was used for applying high vacuum condition in desiccators. The functionalized glass 

surface were imaged in air, using a Leica DMi8 epifluorescence microscope with 40X (oil 

immersion), 10X, 5X or 2.5X magnification objective lens, beam intensity of 100% and an 

exposure time of 278 ms. The Cy5 fluorescence was excited at a wavelength (λex) of 590-650 

nm and emission (λem) was collected at 662-738 nm (using the Y5 filter cube), rhodamine B 

isothiocyanate (RITC) at λex of 541-551 nm and λem of 662-738 nm (RHOD filter cube). The 

results were analyzed with FIJI software (ImageJ).28 The images were rotated in such a way 

that the patterns were positioned vertically. Then, a square was drawn over the patterns and the 

averaged gray values were collected within that square. The profile plots were also corrected 

for fluorescent beam curvature by acquiring profile plots of a fully fluorescent Cy5 slide with 

the same objective (see Fig. S3), normalizing this curvature plot, and then multiplying the 

                                                 
† Air plasma works similar to oxygen plasma and the surface cleaning is based on chemical, isotropic etching with 
highly reactive oxygen radicals.21  
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fluorescent intensity of line profile plots by the inverse of the curvature plot. The corrected gray 

values (a.u.) were then normalized for the maximum value and plotted against the distance 

(µm).  

 

Glass surface functionalization  
 The general glass surface functionalization with β-cyclodextrin was performed as 

described by Onclin et al.23 Glass microscope cover slips were cleaned and oxidized with 

piranha solution (H2SO4 (95-98%)/ H2O2 (35%), 3.33:1 v/v; Warning! Piranha solutions must 

be handled with caution as they may unexpectedly detonate) for 45 minutes, rinsed with large 

amounts DI water, and dried under N2. The glass slides were placed in a high vacuum, pre-

heated desiccator together with a glass vial containing 1 mL of 3-aminopropyltriethoxysilane 

(APTES, 99%) and placed in an oven at 70 °C overnight for chemical vapor deposition (CVD) 

of APTES. Following amine monolayer formation, the glass slides were removed from the 

desiccator and rinsed with toluene (HPLC grade, VWR, the Netherlands) and dichloromethane 

(DCM, VWR). The glass slides were then cured for at least 1 hour in the oven at 70 °C. Next, 

the glass slides were immersed in 0.1 M 1,4-phenylene diisothiocyanate (PDITC, TCI 

Chemicals Belgium) in anhydrous toluene (max 0.002% H2O, VWR) for 2 hours under argon 

atmosphere to yield isothiocyanate bearing layers. Following the immersion, the surfaces were 

rinsed with toluene and DCM and incubated in 0.72 mM heptakis amino β-cyclodextrin (β-CD, 

Cyclodextrin Shop, the Netherlands) in aqueous solution at pH 8.0 (reached by adding small 

amount of 1 M NaOH). This incubation was carried out for at least 2 hours. Surfaces were then 

rinsed with DI water and dried with nitrogen.  

 

Plasma microcontact patterning (PµCP) 
 Stamps were fabricated by using a replica molding technique from Whitesides.5 A 

silicon master was first fabricated by spin-coating at 1500 rpm with SU-8 2025 photoresist (to 

yield 50 µm thick photoresist layer) from Microchem and then treated using UV 

photolithography with a mask containing 150 µm patterns and 50 µm pattern spacing. The 

silicon master and a separate glass vial containing 100 µL mL of trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane (PFOTS, 97%) were introduced into a desiccator under vacuum for 

overnight CVD. After incubation with PFOTS, the wafer was cleaned with isopropanol and 

dried with nitrogen. Stamps were prepared by casting a 10:1 (w/w) mixture of 
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poly(dimethylsiloxane) (PDMS) and curing agent (Sylgard 184, Dow Corning) onto the silicon 

master with 150 µm patterns and 50 µm pattern spacing. After overnight curing at 70 °C, the 

PDMS stamps were cut out the master to ca 0.75 cm2 and sonicated in ethanol to remove low 

molecular weight PDMS. The PDMS stamps were then brought into conformal contact with 

the freshly prepared functionalized glass surfaces. The glass substrates were then placed in the 

plasma cleaner at high energy for 4 cycles of 1 minute each. Surfaces were rinsed again with 

DI water and dried with nitrogen. 

 

Fluorescence microscopy 
 APTES patterned glass surfaces were incubated with 1 mM RITC dissolved in methanol 

for 5 minutes. The surface was then rinsed thoroughly with methanol to remove excess RITC 

and then dried with nitrogen. RITC stained APTES patterns were then visualized with the 

microscope. For β-CD functionalized surfaces, 0.28 µM of Cy5-Ad2 in phosphate buffered 

saline (PBS: 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) was 

incubated on the glass surface for 15 minutes. The surface was then rinsed thoroughly with DI 

water and dried under a stream of nitrogen before imaging with the microscope.  
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2.3 Results and Discussion  
 

 The β-CD glass surface functionalization works as displayed in Fig. 2.2a: 1) silanization 

of glass surface silanol groups using 3-aminopropyltriethoxysilane (APTES) for obtaining an 

amine layer, 2) covalent attachment of heptakis amino β-CD addition via 1,4-phenylene 

diisothiocyanate (PDITC) cross-linking, and 3) visualization of β-CD patterns with fluorescent 

divalent guest molecule Cyanine 5-diadamantane (Cy5-Ad2).27 PµCP was carried out after the 

functionalization of the glass slide with APTES (Exp. 1), after the attachment of β-CD (Exp. 

2), and also after the non-covalent immobilization of Cy5-Ad2 (Exp. 3).‡ For Exp. 1-2, Cy5-

Ad2 dye was subsequently added to functionalized surfaces to label the β-CD patterns. Each 

single experiment was then validated using fluorescence microscopy. In addition, we also 

created more complex patterns using PµCP on fully functionalized β-CD surfaces which also 

generated sub-10 µm sized features. Importantly, all these experiments, including the 

fabrication of patterned silicon wafers for the PDMS stamps, were carried out without the use 

of a clean room.  

 For Exp. 1, after APTES monolayer assembly and creation of patterns through PµCP, 

the surface was first validated by addition of Rhodamine B isothiocyanate (RITC), as an 

additional control (Fig. S1). RITC is highly reactive towards amines and can therefore be used 

to fluorescently label APTES patterns. Patterns (150 µm) of bright fluorescent lines were 

observed, while dark regions (50 µm) show no fluorescence as they were exposed to plasma 

treatment before addition of RITC. This indicated that plasma etching effectively removed all 

covalently bound APTES from the glass surface outside of the PDMS covered areas and that 

the protected APTES molecules were still functional. The patterned APTES surfaces were 

further reacted with PDITC and consecutively with heptakis amino β-CD (Fig. 2.2a). Addition 

of the fluorophore Cy5-Ad2 was carried out to visualize surface bound β-CD through host-guest 

interactions. Dark regions were again observed between β-CD lines, which indicates that β-CD 

was successfully cross-linked to APTES patterns. Also in this case, clear fluorescent lines (150 

µm) of Cy5-Ad2 immobilized to β-CD patterns were observed (Exp. 1, Fig. 2.2b, larger 

overview in Fig. S5-S6). In Exp. 2, fully covered surfaces of β-CD were PµCP treated and 

                                                 
‡ Patterning isothiocyanate moieties through PµCP was unsuccessful. We hypothesize that these groups are too 
reactive to remain intact for a prolonged duration and should be reacted soon after this modification step. 
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Fig. 2.2: a) Scheme showing the β-CD glass surface functionalization steps and immobilization of fluorescent 
guest molecule Cy5-Ad2. PµCP was applied either after APTES monolayer assembly (Exp. 1), β-CD attachment 
(Exp. 2), or after Cy5-Ad2 immobilization (Exp. 3). b) Fluorescence microscope images of Exp. 1: Cy5-Ad2 
addition to β-CD after PDITC mediated attachment of β-CD to PµCP APTES patterns, Exp. 2: Cy5-Ad2 addition 
to PµCP β-CD after PDITC mediated attachment of β-CD to fully covered APTES surface, and Exp. 3: PµCP 
of Cy5-Ad2 after its immobilization to fully covered β-CD surface. Profile plots showing the gray value intensity 
vs the distance in µm are depicted below the fluorescence images and are corrected for beam curvature (see Fig. 
S2-S4 for explanation). Microscope images were captured with 10x objective and scale bars are 100 µm. 
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subsequently incubated with Cy5-Ad2 (Fig. 2.2a). The selective immobilization of Cy5-Ad2 is 

clearly observed on β-CD patterns as bright fluorescent lines (Exp. 2, Fig. 2.2b, larger overview 

in Fig. S5-S6). In Exp. 3, we used PµCP in the final step of the surface modification process 

after addition of Cy5-Ad2 (Fig. 2.2a). Clear patterns of host-guest immobilized Cy5-Ad2 are 

also observed in Fig. 2.2b for Exp. 3. The generated patterns for Experiments 1-3 all show clear 

contrast between the desired feature and the spacing, which showcases the reproducibility of 

the technique. Moreover, the features of fabricated PDMS stamps were compared with the 

resulting PµCP patterns through repeating Exp. 3 from Fig. 2.2a and leaving the PDMS stamp 

on the surface during microscope imaging (Fig. S7). These images show that the fluorescent 

patterns are in accordance with the PDMS stamp features when comparing the Cy5 channel 

with the brightfield channel, which is also further confirmed with an overlay image (Fig. S8). 

Therefore, using PµCP methodology for creating patterns of covalently attached monolayers is 

successful at multiple steps within a functionalization protocol allowing great versatility. 

 We also explored a simple approach, using PµCP, for creating intricate and smaller β-

CD patterns than the 150 µm line features of the applied PDMS stamp. In general, the 

fabrication of sub-10 µm patterns on surfaces through conventional techniques, such as UV-

lithography, usually requires a clean room. Here, ‘cross’-PµCP can be used to create 

unconventional small features, starting from conventional large patterns. After obtaining a fully 

functionalized β-CD surface according to the protocol shown in Fig. 2.2a, the PµCP step for 

creating patterns was slightly altered by rotating the PDMS mask between multiple plasma 

cycles (Fig. 2.3a). The first plasma treatment step was carried out, as previously, by placing the 

PDMS stamp on the functionalized surface at 0˚ (vertical lines). This step was then followed 

by several rotations of the PDMS stamp between plasma cycles: ±90˚, ±45˚, and finally ±90˚, 

all with respect to the previous step. This was done in order to remove more β-CD molecules 

from the surface through plasma etching. Cy5-Ad2 addition to the treated surface then yielded 

a variety of shapes when imaged on the microscope (Fig. 2.3b). As observed in Fig. 2.3b(iv), 

we also managed to fabricate distinguishable sub-10 µm features of β-CD on the same surface 

by using cross-PµCP. The result shows clear contrast between functionalized and non-

functionalized areas and are agreeable with the expected patterns depicted in the scheme in Fig. 

2.3a.  
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Fig. 2.3: a) Scheme showing the concept of changing the stamp orientation in between PµCP cycles on modified glass 
surface. The expected outcome of patterns on top of the glass surface is shown below the PDMS stamps. Cy5-Ad2 is 
added only after all ‘cross’-PµCP steps. b) Fluorescence microscope images of β-CD surface after different PµCP 
treatments and addition of Cy5-Ad2. Images were captured on the same glass slide with i) 2.5x objective, ii) 10x 
objective and iii) 40x objective. A digital zoom of iii) is depicted in iv) to showcase a triangular shape with a size 
around 5 µm. All scale bars except for iv) are 100 µm. The scale bar in iv) is 10 µm. 
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2.4 Conclusion 
 

 In this work, we described how a micropatterning technique (PμCP) based on the 

spatially controlled removal of molecules through plasma treatment and PDMS stamps, can 

easily be applied to monolayers of covalently bound molecules on surfaces. We show that PµCP 

can be used to create patterns during different steps and thus on different molecular moieties 

within the extensive β-CD surface functionalization, while also retaining the reactivity of the 

amine monolayer and the supramolecular functionality of the β-CD layer. We believe that, 

owing to its simplicity, PµCP is more straightforward and reproducible than current 

micropatterning techniques for covalently bound molecules. Moreover, by using ‘cross’-PµCP, 

a methodology which works contrapositive to additive manufacturing techniques, we fabricated 

sub-10 µm features. This simple technique can also open the concept of micropatterning to 

chemists who do not have access or experience in clean-room technology or microfabrication. 
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2.6 Supplementary Figures 

  

Fig. S2: Images before beam curvature correction. a) APTES PµCP and RITC, b) Exp. 1: APTES PµCP -PDITC-
β-CD and Cy5-Ad2, c) Exp. 2: APTES-PDITC-β-CD PµCP and Cy5-Ad2 and d) Exp. 3: APTES-PDITC-β-CD-
Cy5-Ad2 PµCP. The yellow outline on each image marks the area used for creating the profile plots in Fiji. 

Fig. S1: Validation of APTES patterns after PµCP (Exp. 1) using RITC. The scale bar in the microscope image is 
100 µm. The profile plot below is already corrected for beam curvature.  
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Fig. S3: Profile plots of beam curvature of Cy5-Ad2 fluorescent glass slides using a) 2.5x objective, b) 5x objective, 
and c) 10x objective. These plots were used to correct for the beam curvature in line profile plots by first 
normalizing the intensity values, then inverting the values and multiplying them with profile plot intensity values 
from Fig. S4 for the constituent objective. Scale bars in images are a) 400 µm, b) 200 µm and c) 100 µm 

a b c 

Fig. S4: Scheme depicting how the beam correction was carried out over an image using Fig. S3c and Fig. S4c 
as an example. a) non-corrected, normalized intensity shown in profile plot. b) intensity plot of a fully covered 
slide. c) corrected profile plot after dividing profile plot of a) with normalized profile plot of c).  
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Fig. S6: Correction of Fig. S5 for beam curvature a) Larger overview of experiments from Fig. 2 showing images of 
Experiment 1 with 5x (i) and 2.5x objective (ii) and Experiment 2 with 5x (iii) and 2.5x objective (iv). Scale bars for 
5x objective images are 200 µm and for 2.5x objective images are 400 µm. b) Constituent profile plots for images (i)-
(iv). 

Fig. S5: Larger overview of experiments from Fig. 2 showing images of Experiment 1 with 2.5x (a) and 5x objective 
(b) and Experiment 2 with 2.5x (c) and 5x objective (d). Scale bars for 2.5x objective images are 400 µm and for 5x 
objective images are 200 µm. Constituent profile plots for images (a)-(d) are before beam curvature correction. 
Yellow outline on each images mark the area used for creating the profile plot 
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Fig. S7: PµCP of β-CD surface after Cy5-Ad2
 immobilization with PDMS stamp 

still on top of patterned surface. 5x objective image with Cy5 (a) and TL-BF (b) 
filters. 10x objective images with Cy5 (c) and TL-BF filter (d) filters. 20x objective 
images with Cy5 (e) and TL-BF filters (f). All scale bars are 100 µm. 
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Fig. S8: Overlay of 10x objective images from Fig. S7. Scale bar is 100 µm. 
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Chapter 3 

Plasma Etching for Fabricating Microfluidic Devices with 

Patterned Monolayers 

 

 

 

 

 

Plasma microcontact patterning (PµCP) and replica molding were used to make PDMS/glass 

microfluidic devices with β-cyclodextrin (β-CD) patterns covalently attached on the glass 

surface inside a microchannel. Supramolecular reactivity and reusability of the devices were 

validated through host-guest interactions with diadamantane functionalized Cyanine 5 dye 

(Cy5-Ad2). We also show how to fabricate and use patterned microfluidic devices containing 

multiple microchannels for carrying out more complex analytical experiments. As an example 

of such an experiment, different concentrations of Cy5-Ad2 were flowed separately through the 

microchannels over one β-CD patterned surface, which showed a clear increase in fluorescent 

signal with higher Cy5-Ad2 concentration using optical microscopy. The use of one device/chip 

for correlation studies, such as (host-guest) binding kinetics, increases experimental control and 

improves quantitative analysis. 

 

 

 

 

 

 

An adjusted version of this chapter is available as a pre-print: Stan B.J. Willems, Jaccoline 

Zegers, Anton Bunschoten, Martijn Wagterveld, Fijs. W.B. van Leeuwen, Aldrik H. Velders 

and Vittorio Saggiomo. ChemRxiv, 2019. Manuscript in preparation. 
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3.1 Introduction 

  

 (Bio)sensors using chemically modified surfaces have proven instrumental for the 

sensitive detection of (bio)analytes.1-6 Therefore, the incorporation of modified surfaces within 

a microfluidic device is becoming an attractive field for creating lab-on-a-chip platforms, e.g. 

the detection of enzymes on chitosan functionalized surfaces.7 Within microfluidic devices, the 

fabrication of polydimethylsiloxane (PDMS)/glass hybrid systems are highly popular because 

of their versatility and low-cost.8,9 These microfluidic devices allow for facile fluid handling, 

can analyze small volumes and support direct analyte analysis using microscopy.10 

Subsequently, analyte quantification defines the final utility of the microfluidic sensor. In light 

of this, analyte binding to functionalized patterns can be compared with non-functionalized 

(control) spacing in one field of view in order to quickly establish signal to background ratio’s.11 

Surface patterning of glass surfaces has previously been carried out using techniques such as 

microcontact printing (µCP),12,13 dip-pen nanolithography,14,15 and nanoimprint 

lithography.16,17 However, µCP can lack reproducibility,18 while dip-pen and nanoimprint 

lithography are limited by high production costs. Hence, new cost-friendly patterning 

techniques are in demand, also with respect to analytical fields of research for which (fast) 

prototyping is required. 

 The fabrication of PDMS/glass microfluidic devices, also known as ‘replica molding’,19 

works by activation of the PDMS replica containing micro-sized grooves with a glass surface 

in the plasma oven, and subsequently applying conformal contact between PDMS and glass 

surface. The grooves in the PDMS replica form a microchannel with desired size features on 

the glass surface and the microfluidic device is sealed through covalent bond formation. 

Importantly, plasma etching technology, in addition to ‘cleaning’ surfaces by decomposing 

exposed organic molecules, also creates a layer of reactive silanols on both PDMS and glass 

surfaces. When the two surfaces are in contact the silanols react to form silyl ethers and 

covalently ‘seal’ PDMS to glass, forming a mixed PDMS/glass microfluidic device.20 One 

major drawback of this methodology is that creating patterns of molecules on the glass surface 

beforehand is not feasible, as the plasma exposure for sealing the microfluidic device will 

remove the molecular patterns.  

 We have recently shown that plasma etching, in combination with plasma microcontact 

patterning (PµCP), can be used to create patterns of covalently bound molecules on glass 
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surfaces.21 In brief, a PDMS stamp is placed in contact with a covalently modified glass surface 

and the construct is subjected to plasma etching. Exposed molecules which are not protected 

by the PDMS stamp are decomposed by plasma, resulting in molecular patterns. It should be 

noted that the PDMS ‘stamp’ is now actually functioning as a ‘mask’: instead of adding 

molecular patterns to the surface through ‘stamping’ as with µCP, patterns are now generated 

by removing molecular functionality through plasma etching using the same PDMS stamp. 

Moreover, plasma exposed areas between the stamp patterns and outside the stamp area now 

contain reactive silanols which can be used for covalent bonding with PDMS surfaces. Based 

on this utility, we speculated that in order to create a microfluidic device with embedded 

covalently functionalized monolayer patterns, PµCP could be combined with PDMS replica 

molding. Previously, this concept has only been carried out with surfaces that contain patterns 

of physisorbed proteins within microfluidic channels.22,23  

 As proof of concept for combined PµCP/replica molding with a covalent modified 

surface, we investigated the fabrication of β-cyclodextrin (β-CD) patterns within a microfluidic 

device (Fig. 3.1). Cyclodextrins are well known for their applications in food technology, 

pharmaceutics and drug delivery, but have also emerged as versatile platforms for material 

science through their interactions with metal ions and inorganic nanoparticles.24 Through host-

guest chemistry, the inside of β-CD’s hydrophobic cavity (host) can be used for immobilization 

of guest functionalized molecules, such as Cyanine 5-diadamantane (Cy5-Ad2),25 and recently 

for capturing adamantane functionalized microparticles on flow.26 Therefore, we validated the 

functionalization of β-CD patterns on the glass surface within the fabricated microfluidic device 

through addition of Cy5-Ad2, which allowed us to use fluorescence microscopy to study the 

immobilization and release of Cy5-Ad2 under flow.  
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Fig. 3.1: a) Scheme showing the fabrication of the patterned microfluidic device: a fully functionalized β-CD surface 
is obtained after silanization with 3-aminopropyltriethoxysilane (APTES) and 1,4-phenelynediisothiocyanate 
(PDITC) cross linking of heptakis amino β-CD (i), then a PDMS stamp with line features is placed on top of modified 
surface for PµCP and plasma etched together with the PDMS replica (ii), and finally the PDMS replica is chemically 
bonded to the patterned β-CD surface via plasma bonding to create a β-CD patterned microfluidic device (iii). b) 
Photograph of a single channel patterned microfluidic device (i) and microscope images of channel using 5x 
objective and 11x2 tile scan after addition of Cy5-Ad2 using the Brightfield (lower left) and Cy5-fluorescence (upper 
right) settings (ii) (scale bar is 2 mm). 
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3.2 Experimental Section 

 

General 

 Chemicals were purchased from Sigma Aldrich/Merck unless mentioned otherwise. 

Menzel-Gläser borosilicate glass microscope slides were used to fabricate the microfluidic 

device and were purchased from Thermo Scientific. Hyper pure polished silicon wafers (76.2 

mm diameter, University Wafer, USA) were used as silicon masters. A photomask template 

containing patterns, with different feature and spacing sizes, was designed and ordered from JD 

photo data (UK). Deionized (DI) water was used in all the experiments. Cyanine 5-

diadamantane (Cy5-Ad2) was synthesized by Dr. Mark Rood from the Interventional Molecular 

Imaging lab at the Leiden University Medical Centre (LUMC, Leiden, the Netherlands).25 

 

Instrumentation 

 For the preparation of the silicon master for PDMS stamps, a standard UV-lithography 

set-up was used. 50 µm thick SU-8 2025 negative photoresist on the silicon wafer was irradiated 

with a UV lamp at λ = 350 nm at 50% intensity. An Inseto Plasma Etch, Inc. PE-25 benchtop 

air plasma cleaner was used for plasma cycles of 1 min at its maximum RF plasma power of 

100 W with an air flow of ~10 cc/min, which allowed for a vacuum pressure of 200-250 mTorr 

within the chamber during plasma treatment. An RC6 Chemistry Hybrid Pump from 

Vacuubrand (vacuum of 2 x 10-3 mbar) was used for applying high vacuum condition in 

desiccators. The functionalized glass surfaces were imaged in air, using a Leica DMi8 

epifluorescence microscope with 10X or 5X magnification objective lens and beam intensity of 

100%. For 10X objective images, exposure time was set to 278 ms and for 5X objective images 

to 500 ms. Cy5-Ad2 was excited at a wavelength (λex) of 590-650 nm and emission (λem) was 

collected at 662-738 nm (using the Y5 filter cube).  

 

FIJI/ImageJ data analysis 

 The results were analysed with FIJI software (ImageJ).27 The images were rotated in 

such a way that the patterns were positioned vertically and the gray value intensity range was 

set to 0-3000 a.u. Then, a square was drawn over the patterns and the averaged gray values were 

collected within that square. The gray values (a.u.) were then plotted against the distance (µm) 
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to make a profile plot of the image. For calculating normalized fluorescent intensity of patterns 

and spacing, the raw values were normalized to the minimal value of the data set. For creating 

a live profile plot video in FIJI software, a script was obtained from image.sc forum 

(https://forum.image.sc/t/save-real-time-plot/7237) posted and created by Nicolas Chiaruttini 

aka ‘NicoKiaru’ (Script S1).28 The sequence of images from the time lapse experiment was 

opened and the maximum brightness was adjusted to 3000 a.u. (gray value). A ‘live’ profile 

plot was created as before by plotting the gray values against the distance, but also selecting 

live on the profile plot window. The range for the y-axis (gray values) was then set to a 

maximum value of 3000 a.u.. The script S1 was then copied into the ‘Script’ function (from 

main menu File  New) and then run with the opened sequence of images and the live profile 

plot. This creates a video of the profile plot window which was then combined ‘vertically’ with 

the sequence of images using the ‘Combine’ function (from main menu Image -> Stacks -> 

Tools). The video was saved at 7 frames per second.  

 

Glass surface functionalization  

 The general glass surface functionalization with β-cyclodextrin was performed as 

described by Onclin et al.29 In short, glass microscope slides of size 76 x 26 mm were cleaned 

and oxidized with piranha solution (H2SO4 (95-98%)/ H2O2 (35%), 3.33:1 v/v; Warning! 

Piranha solutions must be handled with caution as they may unexpectedly detonate) for 45 

minutes, rinsed with large amounts DI water, and dried under N2. The glass slides were placed 

in a high vacuum, pre-heated desiccator together with a glass vial containing 1 mL of 3-

aminopropyltriethoxysilane (APTES, 99%) and placed in an oven at 70 °C overnight for 

chemical vapor deposition (CVD) of APTES. Following amine monolayer formation, the glass 

slides were removed from the desiccator and rinsed with toluene (HPLC grade, VWR, the 

Netherlands) and dichloromethane (DCM, VWR). The glass slides were then cured for at least 

1 hour in the oven at 70° C. Next, the glass slides were immersed in 0.1 M 1,4-phenylene 

diisothiocyanate (PDITC, TCI Chemicals Belgium) in anhydrous toluene (max 0.002% H2O, 

VWR) for 2 hours under argon atmosphere to yield isothiocyanate bearing layers. Following 

the immersion, the surfaces were rinsed with toluene and DCM and incubated in 0.72 mM 

heptakis amino β-cyclodextrin (β-CD, Cyclodextrin Shop, the Netherlands) in aqueous solution 

at pH 8.0 (reached by adding small amounts of 1 M NaOH). This incubation was carried out 

for at least 2 hours. Surfaces were then rinsed with DI water and dried with nitrogen. 

https://forum.image.sc/t/save-real-time-plot/7237
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PDMS replica fabrication (PDMS microchannel features) 

 A 3D positive channel with a channel of dimensions of 20 x 2 x 0.5 mm was designed 

in SketchUP (Trimble) and printed with an LCD 3D printer (Photon Anycubic). For the 

microfluidic device containing 5 channels, the same channel dimensions of 20 x 2 x 0.5 mm 

were used with a spacing of 2 mm between the channels. For an easy peeling of the PDMS, the 

3D printed molds were coated with trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (PFOTS, 

97%) using chemical vapor deposition (CVD) in a vacuum desiccator; The 3D printed structure 

was air plasma activated for 30s, then it was placed in a dessicator with a vial of 100 µL of 

PFOTS. The desiccator was then left under static vacuum for overnight CVD of PFOTS. After 

deposition in the desiccator, the 3D printed structure was removed from the desiccator and left 

in the oven at 70 °C for 1 h, then it was washed with ethanol and isopropanol. PDMS replicas 

were prepared by pouring PDMS mixture (10:1 PDMS/curing agent) on the 3D printed PFOTS 

coated mold. After overnight curing at 70 °C, the PDMS was cut out the mold and sonicated in 

ethanol for 4 minutes for removing the small molecular weight and unreacted PDMS chains. 

The PDMS replica was then dried with nitrogen. An inlet and outlet were then created on the 

edges of the microchannel features by puncturing through the PDMS with a 1.5 mm Ø punch 

(KAI, Japan). 

 

Plasma microcontact patterning (PµCP) 

 Creating patterns was carried out through PµCP as reported previously.21 Shortly, 

PDMS stamps for PµCP were fabricated using the standard technique from Whitesides.13 A 

silicon master was first fabricated by spin-coating at 1500 rpm with SU-8 2025 photoresist 

(Microchem, USA) to yield a 50 µm thick photoresist layer and then treated using UV 

photolithography with a photomask containing 150 µm patterns and 50 µm pattern spacing. The 

silicon master and a separate glass vial containing 100 µL of PFOTS were introduced into a 

desiccator under vacuum for overnight CVD. After incubation with PFOTS, the wafer was 

cleaned with isopropanol and dried with nitrogen. Stamps were prepared by casting a 10:1 

(w/w) mixture of poly(dimethylsiloxane) (PDMS) and curing agent (Sylgard 184, Dow 

Corning) onto the silicon master with 150 µm patterns and 50 µm pattern spacing. After 

overnight curing at 70 °C, the PDMS stamps were cut out the master to ca 0.75 cm2 and 

sonicated in ethanol to remove low molecular weight PDMS. The PDMS stamps were then 

brought into conformal contact with the freshly prepared functionalized glass surfaces. β-CD 
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covered slides were then placed in the plasma cleaner (using the settings mentioned in the 

instrumentation section) for 4 cycles of 1 minute each. 

 

Microfluidic channel fabrication  

 The PDMS replica was placed facing upwards in the plasma oven along with the PµCP-

β-CD surface for the 4th plasma cycle. The PDMS stamp was removed from the patterned β-

CD surface and the PDMS replica was firmly placed on top of the patterned glass slide, with 

the microchannel facing downwards. A piece of paper was then placed on top of the PDMS 

replica, followed by a non-functionalized microscope glass slide. Clamps were then used to 

keep the non-functionalized microscope glass slide and PDMS replica firmly pressed against 

the functionalized glass surface (as shown in Figure S2) and microfluidic device was incubated 

in the oven at 70° C for 1 hour. The holders were then removed from the microfluidic device 

and tubing was connected to the inlet and outlet of the channel. The inlet tubing was then 

connected to a syringe pump and the outlet tubing to a waste vial.  

 

Flow experiments 

 Before using the β-CD functionalized microfluidic device for immobilization of Cy5-

Ad2, the channel and surface was thoroughly washed with DI water at 800 µL/min for 15 mins 

in order to clean the channel before use. Then, 0.23 µM of Cy5-Ad2 in phosphate buffered 

saline (PBS: 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) was 

flowed over β-CD functionalized microfluidic device at a flow rate of 50 µL/min for 15 mins. 

The surface was imaged using the Cy5 filter on the microscope before and during addition. 

After addition of Cy5-Ad2, the surface was first washed with a flow of PBS at 200 µL/min for 

5 mins and then DI water also at 200 µL/min and for 5 mins. Again, images of the surface were 

captured with Cy5 filter on the microscope. To remove immobilized Cy5-Ad2, the surface was 

washed for several cycles with an aqueous solution of 10 mM β-CD, pH 10 at 800 µL/min for 

10 mins per cycle. When Cy5-Ad2 was sufficiently removed from the surface according to 

fluorescence imaging, the microfluidic device was washed with a flow of DI water at 200 

µL/min for 5 mins to remove remaining β-CD from the channel and surface. Then, a flow of 

Cy5-Ad2 was re-applied at the same flow rate and duration, and the surface was washed with a 

flow PBS and DI water. The re-usability of the β-CD functionalized microfluidic device was 

repeated for a total of 4 uses. For determining the binding kinetics of Cy5-Ad2 to β-CD, a 5x 
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serial dilution of 0.23 µM Cy5-Ad2 was first obtained by diluting from a concentration of 0.23 

µM until 0.36 nM in PBS. The different concentrations of Cy5-Ad2 were sequentially flowed 

over different channels in the multi-channel microfluidic devices at a flow rate of 50 µL/min 

for 15 mins (then washed with PBS at 200 µL/min for 5 mins and DI water at 200 µL/min for 

5 mins).   
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3.3 Results and Discussion 

  

 Fig. 3.1a illustrates the steps required for microfluidic device fabrication. A fully 

functionalized β-CD surface was first obtained following a literature protocol from Onclin et 

al.29 (Fig. 3.1a(i)): the glass functionalization with heptakis amino β-CD was carried out using 

3-aminopropyltriethoxysilane (APTES) for obtaining an amine functionalized surface, 1,4-

phenylenediisothiocyanate (PDITC) for creating an amine reactive surface, and finally 

incubation of heptakis amino β-CD. Surface patterning of β-CD was realized via PµCP with a 

PDMS stamp (150 µm line features and 50 µm spacing; four plasma cycles of 1 min),21, 30 also 

generating a reactive surface for subsequent microchannel fabrication (Fig. 3.1a(ii)). In parallel, 

PDMS was poured into a 3D printed mould containing 20 x 2 x 0.5 mm (length x width x 

height) groove features, forming the PDMS replica after curing in the oven. The PDMS replica 

was activated in the plasma oven along with the stamp protected patterns for the final plasma 

cycle (Fig. 3.1a(ii)). Following the plasma treatment, the activated PDMS replica was then 

placed in conformal contact with the patterned β-CD glass surface to chemically attach the 

PDMS to the glass surface and create a microfluidic channel over the patterned area (Fig. 

3.1a(iii)). In order to promote homogenous sealing of the microfluidic device, we ensured 

conformal contact between the PDMS replica and glass surface, then attached clamps to keep 

the microchannel firmly pressed against the glass surface which was followed by further 

bonding in the oven (Fig. S1). The resulting microfluidic device is depicted in Fig. 3.1b.  

 Confirmation of β-CD pattern formation was realized by flowing a 0.23 µM solution of 

Cy5-Ad2 through the microfluidic device for 15 min at 50 µL/min. Excess Cy5-Ad2 was washed 

away with PBS and DI water, resulting in clear 150 µm broad line patterns when analyzed with 

a fluorescence microscope (Fig. 3.1b(ii)). A more detailed sequence of events is depicted in 

Fig. S2 showing the microscope images of surface before Cy5-Ad2 addition, during addition 

and after washing away excess Cy5-Ad2 with PBS and DI water. After washing away excess 

Cy5-Ad2, the fluorescence intensity of remaining Cy5-Ad2 on β-CD is generally c.a. 4 times 

higher than the background signal between patterns, which is a result of the high affinity 

divalent host-guest interactions between Cy5-Ad2 and β-CD (Fig. S2b(ii)).  
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 An important characteristic of (bio)sensors incorporated within simple microfluidic 

devices is re-usability of the sensor in order to run different analytical experiments over the 

same sensor. In our case, supramolecular host-guest chemistry of β-CD with adamantane guest 

molecules allows for non-covalent, reversible interactions.31 Hence, stripping the surface of 

immobilized Cy5-Ad2 analytes was also studied using a known procedure based on removal of 

diadamantane functionalized guest molecules with 10 mM β-CD,32 which was carried out using 

a flow rate of 800 µL/min. In Fig. 3.2a, the 1st removal of Cy5-Ad2 and subsequent repeat 

addition and removal are shown. From the profile plots it should be noted that the intensity 

values were normalized for the minimal values within the graph (normalizing the spacing 

intensity to 1). Fig. 3.2b illustrates that the printed surface was tested for a total of 4 additions 

of Cy5-Ad2 and that the loading-rate diminishes by approximately 10% in the consecutive 

recycling steps, but the pattern intensity remains preserved at c.a. 3.5. The washing step with 

β-CD does not completely remove immobilized Cy5-Ad2 (Fig. 3.2a(ii)+(iv)). However, the 

Fig. 3.2: a) Re-usability of microfluidic devices showing β-CD patterned surface after addition and washing away 
excess Cy5-Ad2 (i), after removal of immobilized Cy5-Ad2 by washing with β-CD solution (ii), after 2nd addition 
and washing away excess Cy5-Ad2 (iii), and after 2nd removal of immobilized Cy5-Ad2 by washing with β-CD 
solution (iv). Images were taken at the same location to allow for fair comparison and were captured with 10x 
objective. Scale bars are 100 µm. The profile plots below the images show the normalized intensity of patterns 
and spacing vs the distance. b) Graph showing the average pattern intensity for 4 uses/additions of Cy5-Ad2 and 
3 removals with β-CD. 
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average pattern intensity after removal remains approximately between 1-1.5 for all removal 

steps which indicates reversibility is reproducible (Fig. 3.2b). The sensor technology presented 

holds potential for monitoring extraction and release of analytes through supramolecular 

interactions for guest molecules which have similar binding affinities as Cy5-Ad2 

(approximately between 107-1010 M-1 in aqueous solutions).25, 33 

 Within lab-on-a-chip technology, the fabrication of (bio)arrays for carrying out multiple 

analyses using one chip is quite popular. This is also particularly useful for analyzing binding 

kinetics of analytes through varying analyte concentration. In this case, using one surface 

increases the accuracy of the quantitative analysis with techniques such as fluorescence 

microscopy. To demonstrate the utility of our microfluidic device in such a test, we exchanged 

the single channel PDMS device for a multiple channel one containing 5 channels with the same 

groove dimensions as used before. The PµCP step on β-CD functionalized surfaces was slightly 

modified to incorporate β-CD patterns within all 5 channels: before plasma etching, PµCP 

Fig. 3.3: a) Scheme explaining fabrication of multichannel microfluidic device with β-CD patterns b) Photograph 
of patterned microfluidic device with 5 channels. c) Microscope image of area depicted in a) after addition of 
different concentrations of Cy5-Ad2. The concentration used is written above the designated microchannel. The 
image was captured using a 5x objective and 8x4 tilescan. Scale bar is 2 mm. d) Graph showing the average 
pattern intensity obtained with the different concentrations of Cy5-Ad2 used. 
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stamps were cut in 5 pieces, with each piece having approximately the same width of one 

microchannel, and then placed on the β-CD glass surface (Fig. 3.3a). At this stage it is important 

that sufficient space (approximately 2 mm) is left between the PµCP stamps and that the stamps 

are placed within the area where the microchannels will be formed when bonding the PDMS 

replica. Otherwise, resulting patterns of β-CD will overlap neighboring channels, which hinders 

proper sealing of the PDMS replica between channels and causes leaching of solution from one 

channel to another. A 5x serial dilution of a Cy5-Ad2 solution was then made and flowed over 

the β-CD patterned microfluidic device with multiple channels (Fig. 3.3b), starting from the 

highest concentration (top channel) to the lowest concentration (bottom channel) (Fig. 3.3c). 

The average pattern intensity in Fig. 3.3d was determined by capturing images of each 

microchannel using the 10x objective and normalizing profile plots for the minimal values, i.e. 

spacing between β-CD patterns. Moreover, a control experiment with 0.23 µM of Cy5-Ad2 was 

carried out to show that using multiple strips of PDMS stamps during the PµCP step does not 

significantly alter the density of β-CD units over the different patterned areas on one surface 

(Fig. S3). As expected, the fluorescence increases when higher concentrations of Cy5-Ad2 are 

used, and the trend in the graph shows a typical binding affinity profile (Fig. 3.3d). These results 

show that these patterned microfluidic devices can also be used for carrying out analysis of 

different concentrations of analytes and suggest that they could also be used for comparing 

binding affinity of different analytes on one surface.  
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3.4 Conclusion 

 

 In this chapter, we have shown how to fabricate microfluidic devices containing 

covalently functionalized molecular patterns by combining PµCP and replica molding. 

Incorporation of the patterned surfaces in the microfluidic device allows for simple fluid 

handling and approaching sensor applications within aqueous flow streams. As a proof of 

concept for sensing applications, we studied the reversible host-guest interactions between 

patterns of β-CD, included within the microfluidic device, and Cy5-Ad2. The immobilization 

and removal of Cy5-Ad2 was easily analyzed using a fluorescence microscope and it was 

possible to re-use the β-CD patterned microfluidic device several times, which is beneficial for 

extraction applications and avoids laborious repetition of the surface functionalization. It is also 

possible to study binding of several analytes on one surface through creating a microfluidic 

device with multiple channels, all containing molecular patterns. Through this enabling 

technology for fabrication of patterned PDMS/glass hybrid microfluidic devices, a way is 

opened for researchers less experienced in surface functionalization and working on different 

fields ranging from (bio) sensing applications, such as immobilization of micron-sized 

entities,26 to analytical chemistry and medical applications like lab- or organs-on-a-chip.34,35 
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3.6 Supplementary Figures 

 

 

 

 

  

Fig. S1: Scheme showing setup of microfluidic with empty glass slide and piece of paper before attaching clamps 
(a). Photographs of microfluidic device being held in place by clamps before curing in the oven (b). Microfluidic 
device with clamp turned upside down to show functionalized glass surface and channel (c). 
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Fig. S2: a) Scheme depicting events for Cy5-Ad2 immobilization within microfluidic channels: (i) β-CD 
patterned microfluidic device before addition of Cy5-Ad2, (ii) Cy5-Ad2 addition over surface in device, and (iii) 
specifically immobilized Cy5-Ad2 on β-CD patterns. b) Microscopy images and constituent profile plots of (i) β-
CD patterned microfluidic device before addition of Cy5-Ad2, (ii) during addition of Cy5-Ad2 (gray values on 
profile plot is above 3000 a.u. due to saturation) and (iii) after washing the surface with PBS and DI water. Scale 
bars are 100 µm. 
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Fig. S3: Control experiment to test the effect of using multiple strips of a PDMS stamp for PμCP at different locations 
on one β-CD functionalized surface. a) Overview of the single channel after addition of 0.23 μM Cy5-Ad2. Different 
positions of β-CD patterns in the channels are marked. Image was captured with 5x objective using 6x1 tilescan 
settings and scale bar is 2 mm. b) 10x objective images of the separate positions after 90˚ rotation which were used 
for carrying out profile plot analysis and determine signal to noise ratio of fluorescent patterns. c) Graph showing 
the average signal to noise ratio of patterns in different positions.  
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Script S1: FIJI Script for creating live profile plot videos (LiveGraphtoStack) 

 

import ij.ImageStack 
import ij.ImagePlus 
#@ImagePlus(label="your image containing the ROI", description="your image") myImage 
#@Integer (label="initial slice") iniSlice 
#@Integer (label="final slice") endSlice 
#@Integer (label="step slice", value=1) stepSlice 
#@ImagePlus(label="your live graph", description="live graph") myGraph 
#@Integer (label="delay for GUI update (ms)", value=100) delayInMs 
#@output ImagePlus outputGraph 
 
// Initializes new stack 
stack = new ImageStack(myGraph.width, myGraph.height)  
 
for (slice=iniSlice;slice<=endSlice;slice=slice+stepSlice) { 
 // sets position of input image 
 myImage.setSlice(slice) 
 // waits for live graph update... 
 Thread.sleep(delayInMs) 
 // copy and adds slice to new stack 
 stack.addSlice(null, myGraph.getProcessor().clone())  
} 
 
// builds output ImagePlus 
outputGraph = new ImagePlus(myGraph.getTitle()+"-stack", stack) 
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Chapter 4 

On-Flow Immobilization of Polystyrene Microspheres on β-

Cyclodextrin Patterned Silica Surfaces through Supramolecular 

Host-Guest Interactions 

 
 

 

Species specific isolation of micro-sized entities such as microplastics and resistant bacteria 

from waste streams is becoming a growing environmental challenge. By studying the on-flow 

immobilization of micron sized polystyrene particles onto functionalized silica surfaces, we 

ascertain if supramolecular host-guest chemistry in aqueous solutions can provide an alternative 

technology for water purification. Polystyrene particles were modified with different degrees 

of adamantane (guest) and silica surfaces were patterned with β-cyclodextrin (β-CD, host) 

through microcontact printing (µCP). The latter was exposed to solutions of these particles 

flowing at different speeds, allowing to study the effect of flow rate and multivalency on particle 

binding to the surface. The obtained binding profile were correlated with Comsol simulations. 

We also observed that particle binding is directly aligned with the particle’s ability to form host-

guest interactions with the β-CD patterned surface, as particle binding to the functionalized 

glass surface increased with higher adamantane load on the polystyrene particle surface. Due 

to the non-covalent character of these interactions, immobilization is reversible and modified 

β-CD surfaces can be recycled, which provides a positive outlook for incorporation in water 

purification systems. 

 
 
 
 
 
This chapter has been published as: Stan B.J. Willems, Anton Bunschoten, Martijn Wagterveld, 

Fijs. W.B. van Leeuwen, and Aldrik H. Velders, ACS Applied Materials and Interfaces, 2019, 

11 (39), 36221-36231. DOI: https://doi.org/10.1021/acsami.9b11069 

https://doi.org/10.1021/acsami.9b11069
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4.1 Introduction 

 

 Studying the interactions of microparticles with chemically modified surfaces is an 

important step in the development of cell targeting platforms.1,2 Immobilization of cells, for 

instance bacteria, to monolayers on surfaces provides an interesting field of research, especially 

towards medical or water treatment applications.3-6 However, within complex biological 

systems, such as bacterial cells, it is difficult to investigate specific surface adhesion 

interactions of micro-sized entities to functionalized surfaces. Importantly, the feasibility of 

particle adhesion interactions with respect to the different length scales being studied, i.e. 

between microparticles and molecules, should be confirmed using a more controllable model 

system. Therefore, the use of model microparticles such as polystyrene particles, which have 

the same size as most bacteria, is a versatile and valuable tool for investigating adhesion onto 

chemically functionalized surfaces.  

 In nature, the binding mechanisms of micro-sized entities such as cells are governed by 

numerous amounts of interactions. Among these interactions, hydrophobicity plays a 

significant role in the attachment or detachment of cells to surfaces.7 Therefore, Whitesides et 

al. have carried out protein and cell adhesion studies by using monolayers of alkanethiolates or 

alkylsilanes on gold or silicon surfaces in order to mimic cell binding mechanisms within 

nature.8-11 Patterning of the surfaces through a soft lithographic technique, such as microcontact 

printing (µCP),12,13 allowed for spatial control of the cell adhesion, which improved 

confirmation of binding during analysis. In order to acquire more specificity within cell 

adhesion studies, different targeting agents for bacteria were investigated by Sankaran et al., 

whom adhered bacteria to surfaces via an azobenzene-mannose linker and a transmembrane 

protein containing tryptophan and phenylalanine on cucurbit[8]uril layers.14-16 Moreover, Di 

Iorio et al. studied the binding kinetics of virus mimics to sialic acid residues via weak 

multivalent interactions in order to predict the number of interactions involved in binding.17 

Based on these advances, the implementation and investigation of supramolecular, multivalent 

interactions for high affinity, noncovalent, and reversible binding is an important aspect for 

understanding cell immobilization. We here exploit this type of binding as an outlook toward 

water treatment applications, as it is desirable to capture cells rapidly and subsequently release 

immobilized cells for reusability of surfaces. 
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 For fabrication of reusable surfaces we selected the noncovalent binding of adamantane 

to β-cyclodextrin. Cyclodextrins are cyclic carbohydrate molecules consisting of 1,4-α-D-

glucopyranosides bound in a cone shape,18 and are used primarily in food, pharmaceutical, and 

drug delivery applications.19,20 Hydrophobic molecules can form reversible inclusion 

complexes through hydrophobic and van der Waals interactions (host-guest chemistry) with the 

cyclodextrin cavity. Tethering of β-cyclodextrin (β-CD) on silicon dioxide surfaces,21 known 

as the molecular printboard,22 has been carried out by Reinhoudt and co-workers. This led to 

binding control and characterizing binding strength of functionalized dendrimers, nanoparticles 

and fluorescent guest molecules with cyclodextrin inside of its hydrophobic cavity. In later 

work by Gonzales-Campo et al., patterns of β-CD were created on glass surfaces through 

Fig. 4.1: a) Scheme showing µCP of β-CD on glass surface and backfilling with PEG and principle of binding: 

combined addition of non-functionalized polystyrene particles with Cy3 fluorescent label (PS-Cy3, negative 

control) and adamantane functionalized polystyrene particles with Cy5.5 fluorescent label (PS-Cy5.5-Ad) to 

patterned β-cyclodextrin surfaces. b) Flow cell holder setup on fluorescence microscope containing functionalized 

glass surface to perform the different types of flow experiments. 
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reactive µCP, showcasing the possibility of fluorescent guest adsorption from solution to β-CD 

patterns or orthogonal supramolecular printing of fluorescent guests.23 The fluorescent guest 

molecules in these cases contain two adamantane (Ad) moieties, which have a high affinity for 

the β-CD cavity in water.24 Furthermore, the reversibility and re-usability of this system has 

been tested by forming multivalent networks of β-CD modified gold nanoparticles with di-

ferrocene modified peptides, which functioned as an ultrasensitive enzyme sensor.25 In order to 

test the immobilization via host-guest interactions with larger constructs than molecules, silica 

nanoparticles and quantum dots have also been immobilized on β-CD surfaces using an 

intermediary Ad functionalized dendrimer as ‘glue’.26,27 The high binding affinity of 

multivalent host-guest interactions has also been used for the adhesion of macroscopic 

acrylamide gels.28 Based on these examples, the versatility of host-guest interactions mediated 

by β-CD provides a reliable tool for scaling up from nanoparticles to the specific and reversible 

immobilization of microparticles.  

 To study the supramolecular adhesion of microparticles, we functionalized polystyrene 

particles with different amounts of adamantane on their surface, patterned glass surfaces with 

β-CD and subsequently applied a flow of functionalized particles over the modified glass 

surface (Fig. 4.1a). Polyethylene glycol (PEG) backfilling is included as an anti-fouling layer 

between β-CD patterns. The functionalized glass slides were placed in a holder which was 

connected to a syringe pump for controlling the flow rate of polystyrene particle solutions over 

the glass slides. Host-guest interactions between β-cyclodextrin and adamantane allow for the 

capture of the functionalized polystyrene particles on the glass surface, which can then be 

analyzed via fluorescence microscopy. Fig. 4.1b) shows how the flow cell holder setup is 

directly incorporated on the microscope to carry out various flow experiments for characterizing 

binding of PS particles to the β-CD functionalized glass slide. Results regarding the feasibility 

of this approach can also be used as a proof-of-concept for the application in immobilizing 

similar sized cells such as bacteria.  
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4.2 Experimental Section 

 

Synthesis and functionalization of fluorescent PS particles  

 10 wt%, ~1 µm polystyrene (PS) particles were synthesized following the protocol from 

Appel et al. using reaction mixture ‘pSIA25’.29 Shortly, 125 g of DI water, 25 g of styrene, 0.5 

g of itaconic acid and 0.01 g of fluorescent dye Cyanine 3 (Cy3) or Cyanine 5.5 (Cy5.5) (used 

for staining the core of resulting PS particles, structures shown in Fig. S1) were charged in a 

one neck round-bottom flask. The flask was sealed with a rubber septum and the reaction 

mixture was flushed with nitrogen for 15 minutes, followed by heating at 85 °C and stirring at 

500 rpm for 15 min. A 0.1 M solution of 4,4'-azobis(4-cyanovaleric acid) (ACVA) was prepared 

in 0.2 M NaOH and 8.92 mL (0.25 g ACVA) of this solution was injected to the reaction mixture 

to initiate colloid synthesis. The reaction was allowed to proceed for at least 12 hours at 85 ˚C 

and stirring at 500 rpm. The following day the reaction mixture was filtered, spun down through 

centrifugation at 3260 g for 30 min, then washed three times with DI water through 

centrifugation at 3260 g for 30 min per washing step. The concentration in wt% was determined 

through freeze drying a known volume of PS particles then measuring the mass of the 

lyophilized particles. 5 mL of 0.5% wt of PS-Cy5.5 particles in 10 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer, pH 5.0, were modified with 0.53 µmol, 1.33 

µmol and 2.67 µmol of 1-adamantylamine hydrochloride using 0.32 mmol 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) according to the covalent coupling 

protocol from Bangs Laboratories, Inc.30 After overnight EDC coupling, the dispersion of PS 

particles was spun down in a centrifuge at 3260 g (30 min) and subsequently washed 3 times 

with DI water also by centrifugation at 3260 g (30 min per washing step) in order to remove 

non-reacted 1-adamantylamine.  

 

Dynamic light scattering (DLS) measurements 

 Dispersions of PS particle samples were diluted to the appropriate concentration with 

DI water and then analysed on a Malvern Zetasizer Nano S using the size intensity values. The 

samples were measured 3 times with 10 runs per measurement at 25˚C. The size of all particles 

was determined to be ca 1 µm (Fig. S2). 
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Conductometric titration 

 As synthesized fluorescent PS-Cy5.5 particles were diluted 40x in 20 mL DI water. The 

pH was adjusted to pH 10 by using 10 mM NaOH to deprotonate all the carboxyl groups on the 

PS particle surface. The conductivity of the dispersion of PS particles was then measured upon 

addition of 2 mM HCl in 40 µL increments until ca pH 4.5 was reached. The data was plotted 

as volume 2 mM HCl added vs conductivity of the PS solution. From this graph the total amount 

of CO2H groups on the PS particle surface could be determined.31  

 

1H NMR spectroscopy 

  The supernatant of PS particles after EDC coupling with 1-adamantylamine 

hydrochloride was collected and concentrated using rotary evaporation. The resulting product 

was re-suspended in 1 mL deuterated water (D2O) with 1 mM trimethylsilylpropionic acid 

(TMSP) as internal standard. A Bruker 500 MHz NMR system was used for acquiring the 1H 

NMR spectra. The characteristic adamantane peaks at 1.6 ppm in supernatant samples were 

integrated to the TMSP peak at 0 ppm to calculate the concentration of unreacted adamantane 

left in each sample. The adamantane left within the dispersion of PS particles could then be 

determined by the difference between the adamantane added to the reaction mixture compared 

to the unreacted adamantane left in the supernatant. 

 

Glass surface functionalization 

 Isothiocyanate monolayers on glass were prepared as described by Onclin et al.21 Glass 

slides were cleaned and oxidised with piranha solution (H2SO4 (95-98%)/ H2O2 (35%), 3:1 v/v; 

Warning! Piranha solutions must be handled with caution as they may unexpectedly detonate) 

for 45 minutes, rinsed with large amounts of deionized (DI) water, and dried under N2. The 

glass slides were placed in a high vacuum, pre-heated desiccator together with a glass vial 

containing 1 mL of 3-aminopropyltriethoxysilane (APTES, 99%) and placed in an oven at 70 

°C overnight. Following amine monolayer formation, the glass slides were removed from the 

desiccator and rinsed with toluene and dichloromethane. The glass slides were then cured for 

at least 1 hour in the oven at 70 °C. Next, the glass slides were immersed in 0.1 M 1,4-phenylene 

diisothiocyanate in anhydrous toluene for 2 hours under argon atmosphere to yield 
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isothiocyanate bearing layers. Following the immersion, the surfaces were rinsed with toluene 

and dichloromethane and used immediately for microcontact printing. Stamps were made by 

using a technique from Whitesides.10 Shortly, stamps were prepared by casting a 10:1 (w/w) 

mixture of poly(dimethylsiloxane) (PDMS) and curing agent (Sylgard 184, Dow Corning) onto 

a silicon master to yield PDMS stamps with 150 µm broad line patterns and 50 µm broad 

spacing between the lines. After overnight curing at 70 °C, the PDMS stamps were cut out, 

oxidised by high energy air plasma for 1 minute and incubated in 0.72 mM heptakis-(6-amino-

6-deoxy)-β-cyclodextrin heptahydrochloride aqueous solution, pH 8.0, for 2 hours. Before 

printing, excess solution was dried off from the stamp surfaces using a stream of nitrogen. The 

PDMS stamps were then brought into conformal contact with the freshly prepared 

isothiocyanate functionalized glass surfaces for 30 minutes. After carefully removing the 

stamps, the printed glass substrates were rinsed thoroughly with DI water. The glass substrates 

were then incubated overnight in 1 mM methoxy polyethylene glycol amine (PEG-NH2, Mw 

2000 Da, Iris Biotech GmbH) aqueous backfilling solution, pH 8.0 to react with the unreacted 

isothiocyanates. Before use, the glass substrates were rinsed with DI water. When not used 

within a day, substrates were stored in backfilling solution at 4 °C. 

 

Validation of β-cyclodextrin patterns 

 The β-cyclodextrin printed glass substrates were incubated for 15 minutes on a droplet 

of 0.28 µM Cyanine 5 dye, functionalized with two adamantyl moieties (Cy5-Ad2,32 structure 

shown in Fig. S1), solution in PBS. After removal of the glass substrates from the solution, they 

were rinsed with DI water and dried with nitrogen. The substrates were then imaged by 

fluorescence microscopy.  

 

Flow experiments 

 An equimolar mixture of PS-Cy3 and PS-Cy5.5-Ad at pH ~10 was flowed through a 

resealable flow cell holder (fluidic connect PRO Resealable, Micronit; for dimensions see Fig. 

S3a+b) containing a β-CD printed glass surface (4515 extended resealable flow cells, Micronit) 

using a syringe pump. The pH of the PS particles was increased to pH 10 using 0.1 M NaOH 

to ensure that unreacted amine groups of heptakis-(6-amino-6-deoxy)-β-cyclodextrin on the 

glass surface were not protonated and therefore uncharged. Flow rates and pumping times of 
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0.125 (40 hrs), 0.25 (20 hrs), 1.25 (4 hrs), 2.5 (2 hrs), 5 (1 hr), 10 (30 mins), 100 (3 mins) and 

200 (1.5 mins) µL/min were used to pump the particle solution over the glass surfaces. The 

pumping time, listed in brackets after the respective flow rate, was adjusted for different flow 

rates to keep the same total amount of PS particles flowing over the surface. The flow cell 

holder was placed directly on the stage of a Leica DMi8 epi-fluorescence microscope to allow 

imaging before, during and after flow. After flow incubation, the pump was switched off and 

the inlet tubing was removed, causing the solution to flow out of the resealable flow cell through 

capillary effect.  

 

Calculating particle density and binding specificity of particles  

 The particle density on β-CD patterns was determined through analysis of microscope 

images after flow experiments. For acquiring an average particle density, all individual 

experiments were carried out 3 times and per glass slide the start, middle and the end of the 

flow path were analysed using ImageJ software (9 images in total). The pixels related to a non-

aggregated particle were initially segmented out of the image using the ‘Analyse particles’ 

function. Subsequently, the average pixel size for one particle was determined. With the 

‘Measure’ function, the pixels were counted over the desired line patterns (on β-CD patterns or 

PEG backfilling), which was then converted into amount of particles based on the determined 

average pixel size for one particle. The particle density over 100 µm2 was subsequently 

calculated based on the total surface area of desired line patterns (β-CD or PEG patterns) per 

image. The binding specificity of particles for β-CD printed patterns was then calculated as a 

percentage with the following formula: 

𝜂 =
𝜎𝑝

𝜎𝑝 + 𝜎𝑛
× 100 

Here, η (%) is the binding specificity, σp (µm-2) the particle density on the β-CD patterns and 

σn (µm-2) the particle density on the PEG spacing. Throughout the results and discussion, the 

terms ‘specificity’ and ‘selectivity’ will be used frequently. Specificity is a comparison 

between binding of PS-Cy5.5-Ad to either β-CD or PEG while selectivity is a comparison 

between PS-Cy5.5-Ad or PS-Cy3 binding to β-CD.  
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Comsol simulations 

For simulating the flow experiments Comsol Multiphysics 5.4 with Particle Tracing Module 

was used. A 2D design of the microchannel was made (20 x 0.3 mm, similar to the extended 

channel part of the Micronit resealable flow cell) with an inlet on the left, outlet on the right, 

and stick conditions for the top and bottom channel wall (Fig. S3c). For the simulations, 

particles of 1 µm were chosen and the following conditions were applied: gravity, Brownian 

motion and creeping/laminar flow conditions. To simulate the different flow rates used, the 

average flow velocity and particle release times were varied between 0.0625 and 200 µL/min 

(shown in Table 1). The particle addition time entails the specific time points at which particles 

were infused into the designed channel and are given as start (in all cases at time 0s), the interval 

time between start and end times (i.e., if 200s, every 200s 40 particles are added) and the end 

time of the simulation for which no particles are added.  

 

Table 4.1: Table showing conversion of flow rate to average flow velocity and the particle addition times for 
different flow velocities. 40 particles are added at time 0s and at the given intervals with a total of 1480 particles 
for each simulation 

 

Flow rate (µL min-1) Average flow velocity 
within flow channel (m s-1) 

Particle addition times 
(start, interval, end) (s) 

0.0625 2.14 x 10-7 0, 8000, 288000 

0.125 5.35 x 10-7 0, 4000, 144000 

0.25 1.07 x 10-6 0, 2000, 72000 

1.25 5.35 x 10-6 0, 400, 14400 

2.5 1.07 x 10-5 0, 200, 7200 

5 2.14 x 10-5 0, 100, 3600 

10 4.27 x 10-5 0, 50, 1800 

100  4.27 x 10-4 0, 5, 180 

200 8.54 x 10-4 0, 2.5, 90 
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4.3 Results and Discussion 

 

 Patterned monolayers of β-cyclodextrin (β-CD) were fabricated on glass surfaces and 

adamantane functionalized fluorescent polystyrene (PS) microparticles were synthesized with 

different degrees of Ad surface loading, ranging from 0.15-0.8 Ad mole fraction of available 

CO2H groups on the PS particle surface. Both the surface functionalization and synthesis of 

modified particles were characterized. Then, the immobilization of the particles on the glass 

surface in flow, via host-guest interactions, was validated through patterned binding of 

particles. For reference, a control PS particle without Ad functionality was always included to 

check the selectivity of the system. Various flow experiments were carried out to further 

investigate this model system, namely: flow rate variation, immobilization of PS particles with 

different Ad loading on PS surface, and re-usability of the glass slides after removal of bound 

PS particles.  

 

Fabrication of β-cyclodextrin (β-CD) patterns through microcontact printing 

(µCP) 

 Glass slides were first silanized with APTES and then functionalized with PDITC to 

create a surface reactive towards amines. The patterning of isothiocyanate glass slides with 

heptakis amino β-cyclodextrin (β-CD) was achieved through microcontact printing (µCP)13 and 

unreacted areas were filled with PEG-NH2 (First step in Fig. 4.1b)). Patterning through µCP 

functions as an internal control to observe the specific assembly of molecules or particles on 

the β-CD surface specifically. According to literature,21, 33 the presence of β-CD patterns on the 

surface can be validated through the addition of diadamantane functionalized fluorophores. We 

used a Cyanine 5 functionalized with two adamantane molecules (Cy5-Ad2) for detecting β-CD 

patterns on the surface, which yielded a bright fluorescence signal over printed lines of β-CD 

(Fig. S4). Rinsing with DI water did not remove the bound Cy5-Ad2, which indicates the 

presence of a high affinity interaction between Cy5-Ad2 and β-CD.  
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Polystyrene particles characterization and functionalization with adamantane 

amine  

 PS particles covered with carboxyl groups were synthesized according to the protocol 

from Appel et al.,29 with either Cy3 or Cy5.5 (Fig. S1) dyes used to stain the polystyrene cores. 

This allowed for facile analysis and discrimination using fluorescence imaging. After particle 

synthesis, the concentration of PS particles was determined: a known volume of the particles 

was lyophilized and the resulting particles were weighed to determine the mass concentration 

(Table S1). From this value, we calculated the as-synthesized particles to have a concentration 

of 1.82 x 1011 PS particles/mL (Eq. S1). The amount of CO2H groups per PS particle was then 

determined at 2.4 x 107 through reverse conductometric titration (Fig. S5).31  

 PS-Cy5.5 particles were modified with 0.53, 1.33, and 2.67 µmol of adamantane amine 

via an EDC coupling reaction. The Ad surface loading on PS particles was determined through 
1H NMR spectroscopy of PS particle supernatant (Fig. S6 and S7) and PS particle samples were 

named after their degree of surface functionalization; PS-Cy5.5-0.15Ad, PS-Cy5.5-0.3Ad and 

PS-Cy5.5-0.8Ad (Table 4.1). However, for PS-Cy5.5-0.8Ad, a surprisingly high PS surface 

loading of 6 Ad molecules per nm2 was determined, which is unlikely because the effective size 

Table 4.2: Determining degree of surface functionalization after NMR analysis of the supernatant of different 

PS-Cy5.5-Ad samples. 
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of adamantane is ca 0.41 nm2 (based on reported adamantane radius of 0.36 nm).34 This can be 

explained by the surface roughness of PS particles which increases the total surface area 

compared to the model of a smooth sphere used for carrying out all the calculations.35 The high 

values for adamantane surface loading can also be explained by non-specific uptake of 

adamantane amine in the dispersion of PS particles, which was determined by omitting EDC 

during coupling (Table S2). Nevertheless, the adamantane loading determined through NMR 

analysis shows significant differences between different concentrations of Ad used for 

modifying PS particles and should therefore be seen as a relative loading rather than an absolute 

value. 

 

Flow rate variation  

 The immobilization of the micrometer sized particles was tested under different flow 

conditions ranging from 0.125 to 200 µL/min. PS-Cy5.5-0.8Ad particles (red) were 

successfully captured on β-CD lines as observed in images i-iv of Fig. 4.2a), confirming that 

microparticle immobilization is feasible under flow conditions. Selectivity of adamantane 

binding was shown by mixing in Cyanine 3 stained polystyrene particles (PS-Cy3, yellow) 

without adamantane (Fig. 4.2a) v-viii). A reference surface was created by µCP glycine, instead 

of β-CD, confirmed that the immobilization of adamantane functionalized particles on β-CD 

functionalized surfaces was the result of specific host-guest interactions (Fig. S8; 5 µL/min for 

1 hour).  

 Rinsing of the functionalized glass surfaces with DI water did not remove specifically 

immobilized particles, indicating strong binding interactions. The patterned binding of the 

adamantane modified PS particles to the β-CD modified glass surface confirms that the binding 

affinity is high enough to overcome drag forces acting on particles (see Eq. S1 and Table S3); 

the drag force acting on a microparticle for all flow rates is approximately 105 times lower than 

the binding strength of an individual Ad-β-CD host-guest complex (10-11 N).36 However, this 

value for Ad-β-CD binding strength is based on ideal conditions, not considering kinetic and 

concentration effects which are also important for binding affinity and particle immobilization. 

Therefore, it is still necessary to have multiple Ad-β-CD bonds for keeping particles 

immobilized on surfaces during flow. 
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  The influence of the flow rate on particle capturing was studied by varying the flow rate 

from 0.125 µL/min to 200 µL/min. Subsequently, the different flow rates were compared both 

on density of captured particles and on specificity (Fig. 4.2 and Fig. S9). The values for particle 

binding density and specificity of PS-Cy5.5-0.8Ad particles for the printed β-CD lines on the 

glass surface were calculated and plotted in Fig. 4.2b and c. Looking at the particle binding 

Fig. 4.2: a) Fluorescence images of patterned β-CD glass surfaces after addition of an equimolar mix of fluorescent 

polystyrene particles PS-Cy5.5-Ad (i-iv) and PS-Cy3 (v-viii). The patterns are oriented perpendicular to the flow 

direction. From left to right a selection of flow rates are shown: 0.125 (i, v), 2.5 (ii, vi), 100 (iii,vii), and 200 (iv,viii) 

µL/min. All flow rate experiments are shown in Fig. S9. Top images (red) are captured with a Cy5 filter and bottom 

images (yellow) with a RHOD filter. Images of different filters and same flow rate are captured at the same location 

to compare the effect of aspecific interactions. Scale bars are 100 µm. b) Graph showing the PS-Cy5.5-Ad particle 

density on β-cyclodextrin patterns versus all the flow rates used. c) Graph showing the binding specificity for these 

respective patterns versus the flow rate. 
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density graph in Fig. 4.2b and microscope images (Fig. 4.2a) i-iv), increasing the flow rate from 

2.5 µL/min to 200 µL/min resulted in a decrease of immobilized particles from 3 to 0.5 PS-

Cy5.5-0.8Ad particles/102 µm on β-CD. This finding is in line with literature as particle 

deposition increases with lower flow rates.37   

 Another important factor for assessing the immobilization of particles to modified 

surfaces, is the particle binding specificity. The particle binding specificity, in this case, 

measures how well PS-Cy5.5-0.8Ad particles bind specifically to the patterns of β-CD 

compared to the aspecific binding to PEG backfilling and is plotted in Fig. 4.2c). From a flow 

rate of 2.5 µL/min and upwards, samples have a binding specificity of ≥80% for β-CD lines, 

with flow rates from 5 µL/min and higher having the highest specificities above 90%. Using a 

flow rate of 0.125 and 0.25 µL/min resulted in a lower binding specificity most significantly 

compared to the other flow rates, which is mostly due to the lower particle binding density. The 

amount of particles captured on the functionalized surfaces at flow rates from 10 µL/min and 

higher is considerably lower than with 2.5 and 5 µL/min flow rates (Fig. 4.2b)). Thus, a flow 

rate of 5 µL/min for specific immobilization of these particles is most desirable considering the 

particle binding density and specificity. 

 Surprisingly, when we carried out particle capturing experiments at extremely low flow 

rates of 0.125 and 0.25 µL/min, almost no particles were bound to the printed β-CD surface. 

Comsol particle flow simulations were carried out to investigate the change in particle binding 

to the β-CD modified surface with flow rates. These calculation were made using a 2D flow 

cell geometry of 20 mm in length and 0.3 mm in height that represented the conditions in the 

Micronit® flow channel, 1 µm sized particles, similar flow rates, and stick conditions for both 

bottom and top channel walls (Fig. S3c). After carrying out simulations at different flow rates, 

particles were counted over the center of the bottom channel wall from 5-15 mm for each 

simulation, which is approximately where the glass surface in the practical experiments was 

patterned with β-CD through µCP. Indeed, a similar trend in particle binding density to the 

practical flow experiments was noticed in the Comsol particle tracing data when we focused on 

this area (Fig. 4.3a-i), marked with a red line). In Fig. 4.3, it is also clear that the flow profile 

of trajectory graphs a)-d) (0.0625-1.25 µL/min flow rate) is mostly based on diffusion and 

settling of particles, while in trajectory graphs e)-f) (2.5-200 µL/min flow rate), a laminar flow 

profile is observed. In trajectory graphs a) and b) from Fig. 4.3, the particles stuck to the marked 

area on the bottom channel wall decreases dramatically because particles settle before they 
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Fig. 4.3: Comsol particle tracing data of flow rates a) 0.0625, b) 0.125, c) 0.25, d) 1.25, e) 2.5, f) 5, g) 10, h) 100, and 

i) 200 µL/min. The red line marks the area that was focused on for particle counting. The scale on the right side of 

each image for a-i) shows the particle velocity in m/s. Particle size is scaled up for viewing purposes. Both bottom 

and top channel walls have stick condition. k) Graph showing the amount of particles stuck on the bottom channel 

wall from Comsol simulation data vs flow rate used. The total amount of particles was 1480 in each simulation. 



 

78 

reach the designated area. The trend seen in the graph in Fig. 4.3j) correlates well with 

experimental findings for the practical experiments in Fig. 4.2. Therefore, a decrease is 

observed in particle binding density due to the particles settling before reaching the 

functionalized area with β-CD patterns in the middle of the channel. This was confirmed by 

carrying out a flow experiment at 0.125 µL/min with only PS-Cy3 particle on a PEG 

functionalized glass surfaces, which shows that most particles are situated on the inlet side of 

the flow channel after flow incubation (Fig. S10).  

 Adversely, when increasing the flow rate within a laminar flow regime (between flow 

rates of 2.5 and 200 µL/min), the particle binding density also decreases within the practical 

experiments and simulation because the effect of gravity and diffusion is lower. The effect of 

diffusion can be explained using the Péclet (Pe) number, which describes the effect of flow 

advection compared to particle diffusion. As mentioned before, we assume laminar flow within 

the microfluidic channel at flow rates 2.5-200 µL/min which means that the particle velocity 

decreases close to the channel walls (Eq. S2, Table S4). When the advection, i.e. flow rate, 

increases and Pe numbers increase far above 1, the particle diffusion can be seen as negligible. 

In Table S4, the Pe numbers were calculated for the different flow velocities of the particles 1 

µm above the channel wall using Eq. S3 and S4. For flow rates of 100 and 200 µL/min, the Pe 

numbers were considerably higher than 1 which explains the small difference in particle binding 

density. This is caused by a limitation in the amount of particles that can reach the bottom 

channel through diffusion or settling, while at flow rates from 2.5 to 10 µL/min, particle 

diffusion to the channel wall is possible from a larger distances (Fig. S11 and S12). Therefore, 

there is a specific range of flow rates in which the increased effect of diffusion combined with 

advection allows for more adamantane functionalized polystyrene particles to come into contact 

with the area patterned with β-CD and thus be immobilized. 
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 For non-functionalized PS-Cy3 particles, significantly lower binding, ranging from 

0.008 to 0.04 particles per 100 µm2 (for flow rates 2.5 µL/min to 200 µL/min), was observed 

Fig. 4.4: a) Fluorescence microscope images of equimolar ratios of PS-Cy5.5-0.8Ad (i, ii) and PS-Cy3 particles (iii, 

iv) bound to β-CD patterned glass surfaces after upside down flow incubation at 2.5 µL/min (i, iii) and 5 µL/min (ii, 

iv). The patterns are oriented perpendicular to the flow direction. Top images are captured with Cy5 filter and bottom 

images with RHOD filter. Scale bars are 100 µm. b) Graph showing particle density vs flow rate for upside down flow 

on β-CD patterns. c) Graph showing binding specificity vs flow rate for upside down flow on β-CD patterns. 
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(Fig. S13). The amount of PS-Cy3 particles did however, increase when higher amounts PS-

Cy5.5-Ad particles were immobilized on the surface, which could be caused by aggregation of 

PS-Cy3 with PS-Cy5.5-Ad particles. An experiment with only PS-Cy3 particles carried out as 

a control at 5 µL/min flow showed that almost no particles were bound to the glass surface (Fig. 

S14).  

 To study the effect of particle settling on PS-Cy5.5-0.8Ad particle binding to the 

functionalized surface, an upside down flow experiment at 2.5 and 5 µL/min was carried out 

by turning the flow cell holder upside down (Fig. 4.4). These flow rates were chosen because 

at 2.5 and 5 µL/min the transition to laminar flow occurs according to the particle trajectories 

in Fig. 4.3. As observed in the microscope images (Fig. 4.4a), PS particle binding to β-CD 

patterns is still possible in upside down flow situations and was selective for PS-Cy5.5-0.8Ad 

particles. Compared to the upright flow experiment in Fig. 4.2b), binding to the surface was ~6 

times lower for 2.5 µL/min at 0.4 particles per 100 µm2 and ~3 times lower for 5 µL/min at 0.8 

particles per 100 µm2 on β-CD patterns (Fig. 4.4b). Therefore, particle settling has a significant 

effect in improving the contact of the PS particles with the bottom channel wall. Nevertheless, 

PS-Cy5.5-0.8Ad particle binding to β-CD patterns is still feasible and specific through host-

guest interactions without the aid of particle settling (Fig. 4.4c). 

 

Adamantane loading effect on PS particle binding  

 The PS-Ad samples with different surface coverages of adamantane were flowed over 

the β-CD glass surfaces and were compared (Fig. 4.5). At a flow rate of 5 µL/min, a clear 

increase in particle density is observed for PS particles with higher Ad surface coverage; 0.15 

Ad loaded PS-Cy5.5 particles obtain a clear lower particle surface density (0.4 particles/100 

µm2 β-CD) than 0.3 and 0.8 Ad loaded PS particles (1 and 2 particles/100 µm2, Fig. 4.5a and 

b). An increase in the negative control PS-Cy3 particle density on β-CD is also seen with higher 

Ad loading of PS-Cy5.5- Ad (Fig. S9). However, the PS-Cy3 particle density is still 

approximately 100 times lower than PS-Cy5.5-Ad density on cyclodextrin. PS-Cy5.5-Ad 

particle binding was in all cases very specific for β-CD patterns.  

 



 

81 

  

Fig. 4.5: a) Fluorescence microscope images of PS particles adhered to β-CD lines with different Ad loading on PS-
Cy5.5-Ad particles of 0.15, 0.3, and 0.8 at flow rate 5 µL/min. The patterns are oriented perpendicular to the flow 

direction. Cy5 filter (red) shows PS-Cy5.5-Ad particles and RHOD filter (yellow) shows PS-Cy3 particles. Scale bar 
is 100 µm. b) Graph showing particle density on β-CD vs Ad loading on PS-Cy5.5 particle surface. c) Graph showing 
binding specificity for β-CD patterns vs Ad loading on PS-Cy5.5 particle surface. 
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 To shed some light on the amount of Ad and β-CD pairs that are interacting to 

immobilize one Ad-functionalized PS particle, the accessible contact area of PS and β-CD was 

calculated to be ca. 2000 nm2 when a PS particle touches the glass surface (based on an Ad-

NH2 linker length of 0.6 nm). Assuming the Ad loading previously determined, the amount Ad 

moieties present on the PS particle surface within the 2000 nm2 contact area is approx. 2000 

for PS-Cy5.5-0.15Ad, 4000 for PS-Cy5.5-0.3Ad, and 12000 for PS-Cy5.5-0.8Ad. When 

assuming a β-CD surface density of 6 x 10-11 mol/cm2 on glass from literature,26 ca. 800 β-CD 

units are present in 2000 nm2 on glass. Interestingly, β-CD-Ad couples are therefore limited by 

the number of β-CD molecules rather than Ad. However, as mentioned before in the 

characterization of the PS particles, the actual Ad loading on the PS surface is most likely lower 

than the amounts calculated via NMR analysis. More importantly, the surface roughness of PS 

particles and glass can also reduce the amount of accessible Ad and β-CD molecules for host-

guest interactions. Furthermore, the binding affinity is also governed by concentration gradients 

within a solution and kinetic effects, which increases the complexity in determining the amount 

of interactions required for microparticle immobilization to a surface. Therefore, we argue that 

these experimental findings and analyses show that determining the amount of interactions 

required for microparticle immobilization is not straightforward and requires more research. 

Nevertheless, these results do show that changing the relative amount of targeting molecules 

on the microparticle surface, thereby tuning the multivalency, plays an important role for 

increasing microparticle immobilization on functionalized surfaces. 

 

Reversibility and re-usability of β-cyclodextrin glass surfaces 

 The reversible nature of the particle immobilization mediated by host-guest interactions 

was tested by removal of particles and re-addition of ‘new’ particles (Fig. 4.6). The addition of 

the PS particle mix (PS-Cy5.5-0.8Ad and PS-Cy3) at 5 µL/min was carried out over the β-CD 

surfaces as before and the surface was analyzed on the microscope. In preliminary experiments, 

rinsing with EtOH was attempted to diminish the hydrophobic interaction between β-CD and 

adamantane.38 Also rinsing with a concentrated solution of β-CD was performed to compete in 

the host-guest interaction.33 Unfortunately, both approaches did not result in significant release 

of the multivalently bound microparticles. Therefore, a more rigorous ultrasonic treatment in 

EtOH and subsequently water was applied. It is observed in Fig. 4.6a that complete removal of 
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PS particles was achieved and that the glass surface is still functional for the subsequent particle 

immobilization experiment. Quantitative analysis for the two particle immobilization 

experiments shows that two times less PS-Cy5.5-Ad particles are immobilized the 2nd time (Fig. 

4.6b). This could be due to loss of β-CD functionality through ultrasonic treatment or because 

some EtOH is still present on the glass substrate that can diminish binding affinity of Ad for 

the β-CD cavity.  
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Fig. 4.6: a) Fluorescence microscope images of PS particles adhered to β-CD lines and subsequent removal and re-

addition of PS particles at 5 µL/min flow rate. Cy5 channels (red) shows PS-Cy5.5-Ad particles and RHOD channel 

(yellow) shows PS-Cy3 particles. b) Particle density on β-CD after multiple uses. 
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4.4 Conclusion 

 A chemically modified glass platform has been developed that can capture micrometer 

sized particles on flow in a recyclable manner. The capture of ‘large’ particles, about 103 times 

larger than the host molecule β-CD, was possible through multivalent host-guest interactions 

between adamantane and cyclodextrin. Immobilization of adamantane functionalized PS 

particles to β-CD modified platforms was flow rate dependent, with an optimal capturing 

density at 2.5 to 5 µL/min. Changing the degree of adamantane functionalization on the PS 

particles influenced the degree of binding on the glass surfaces, underpinning the effect of 

multivalent, host-guest interactions on particle binding. The modified glass platforms could 

also be recycled, highlighting the potential of using such systems in water purification set-ups. 

The depicted results of this model system show that host-guest interactions can bridge the gap 

between nano- and microscale, and also give insight on certain parameters and hurdles that are 

important to take into account for approaching the application of bacterial cell targeting in 

waste-water. Moreover, the experimental setup of this model system can easily be used for 

immobilization tests with different types of molecules or particles.  
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4.6 Supplementary Figures 

Structures 

 

 

 

 

  

Cy3 Cy5.5 

Cy5-Ad2 

Fig. S1: Structures of dye molecules used. Cy3 and Cy5.5 were used to stain the PS particles. Cy5-Ad2 was used 

for labelling β-CD patterns on glass slides 
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Characterization of PS particles 

 
 DLS measurements were carried out after the synthesis of fluorescent PS particles and 

functionalization with adamantane in order to validate their size. According to the protocol from 

Appel et al.,the reported size with DLS was 1038 nm for pSIA25 latex particles1. Fig. S1 shows 

that the size of synthesized PS particles is around this value. The depicted results are averages 

from 3 repeat measurements and the concentration of samples is 60 fM.  

 

Fig. S2: DLS plot of PS particles showing size vs normalized intensity of the different PS particles 
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Dimensions of Micronit® flow cell and Comsol flow channel 

 

 

 

   

Fig. S3: Scheme showing the dimensions of an extended 4515 resealable flow cell purchased from Micronit®. a) 

Top view of the flow cell and b) side view of flow cell showing casket slide on top of an ‘empty’ slide. The bottom 

slide is functionalized with patterns of β-CD approximately in the center over a surface area of 10x10 mm2 

(marked in red). c) Dimensions of the flow channel used in Comsol showcasing the area (in red) where particles 

were counted for the quantitative analysis.  
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Characterization of β-CD printed Glass Surfaces 

 

 In order to show successful patterning of β-CD, a validation step using a diadamantane 

functionalized Cy5 dye (Cy5-Ad2, structure shown in Fig. S1) was implemented. A glass slide 

microcontact printed with β-CD was placed upside down on 0.28 µM of Cy5-Ad2 in 1x PBS 

and incubated for 15 minutes. The glass slide was then thoroughly rinsed with DI water and 

dried with nitrogen before imaging on the fluorescence microscope. As observed in Fig. S4, 

CD patterns are filled with Cy5-Ad2 molecules through host-guest interactions. 
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Fig. S4: a) Fluorescence image of Cy5-Ad2 adhered to β-CD patterns. b) Fluorescence intensity profile of a). 
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Determining PS particle concentration  

 

 The concentration of PS particles was determined through freeze drying the PS emulsion 

after synthesis and washing the particles with DI water. 3 glass vials were weighed and 5 mL 

of undiluted PS particles was pipetted into each. After freeze drying the vials were weighed 

again to determine the mass of the dried PS particle emulsion. From the mass concentration 

(g/mL) the amount of particles per mL can be calculated from the following equation:  

Eq. S1: number of particles per mL = 
6𝑊 × 1012

𝜌 × 𝜋 × 𝜎3 

Where W is the grams of polymer per mL in latex, ρ is the density of polymer in grams per mL 

(1.05 for polystyrene) and σ is the diameter in microns of polystyrene particles. This equation 

is derived from dividing mass concentration by the density and from calculating the volume of 

a sphere. The ‘6’ and ‘1012’ are placed there for simplification and unit conversions. W was 

determined at 0.100±0.006 g/mL as the average mass concentration from the freeze dried 

samples. This is equal to 1.82 x 1011 particles/mL. According to literature,1 the PS particles 

have a CO2H parking area of 0.14 nm2, which results in a CO2H concentration of 6.78 mM.  

  

Table S1: PS particle characterization based on radius and literature COOH parking area  

PS particle characterization   

Particle radius (µm) 0.5 

Surface area (µm2) 3.14 

Theoretical/Literature parking area per CO2H (nm2) 0.14 

Theoretical CO2H groups on surface 2.24 x 107 

W (g/mL) (Freeze Drying results) 0.1 

Particles per mL 1.82 x 1011 

Particles per L 1.82 x 1014 
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Reverse conductometric titration of PS particles 

 

 Quantification of the amount of acid groups on the PS particle surface was carried out 

using reverse conductometric titration.2 The pH of the solution was first increased to pH 10 in 

order to de-protonate all the CO2H groups and then titration with HCl was carried out. The first 

stage of the graph corresponds to titration of strong base, the second stage to the titration 

carboxylate ions (CO2-) on the PS surface and the third one is due to increase in the HCl 

concentration.   
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Fig. S5: Conductometric titration of PS-Cy5.5 particles with HCl after deprotonation with NaOH. First arrow marks 

start of the titration of CO2H groups on PS and second arrow the end of the titration. Table on the right shows 

determination of amount of CO2H groups on the particles from the titration volume 
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NMR analysis of supernatants from PS-Ad particles 

 To quantify the amount of Ad-NH2 that was conjugated to the particles, proton NMR 

analysis of the supernatant after EDC coupling was carried out. A reference spectrum of 10 mM 

Ad-NH2 was measured to identify characteristic peaks for adamantane and determine the 

integral of peaks compared to the internal standard (1 mM TMSP). This internal standard is 

calibrated for 9 protons. The peak at δ = 1.64-1.57 ppm is attributed to 3 protons from 

adamantane, therefore the acquired integral from spectra (after calibration with the TMSP 

internal standard) was divided by 3 to give the concentration in mM of Ad-NH2 left in the 

supernatant. This was then converted to µmol based on the 1 mL D2O the dried supernatant was 

dissolved in.  

 For determining the non-specific uptake of Ad-NH2 in the dispersion of PS particles, 

EDC was omitted during Ad-NH2 coupling for all the concentrations of Ad-NH2 used (Table 

S2). Non-specific uptake was then calculated as a percentage by comparing the Ad-NH2 amount 

left in the PS particle suspensions.  
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Fig. S6: NMR spectra of adamantane amine reference (top) and supernatant of 0.1 mM (bottom) Ad-NH2 PS 

sample 
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Fig. S7: NMR spectra of 0.25 (top) and 0.5 mM (bottom) Ad-NH2 PS supernatant samples 
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Table S2: Determining uptake of Ad-NH2 in PS particles without EDC for the different amounts of Ad-NH2 added 

 

  

PS-Cy5.5-Ad control 
samples without EDC 

PS-Cy5.5-0.15Ad PS-Cy5.5-0.3Ad PS-Cy5.5-0.8Ad 

Ad-NH2 added to PS 
(µmol) 

0.53 1.33 2.67 

Ad-NH2 amount in 
supernatant (µmol) 

0.37 1.07 2.15 

Ad-NH2 in PS 
suspension (µmol) 

0.16 0.26 0.52 

Ad-NH2 with EDC in 
PS suspension (µmol) 

0.29 0.63 1.52 

Non-specific uptake of 
Ad-NH2 

55% 40% 34% 
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Stokes drag force, Reynolds numbers, Péclet number of particles at different flow 

rates 

 

Stokes law 

Eq. S1:  𝑭𝒅 = 𝟔𝝅𝜼𝒓𝒗 

where Fd is Stokes Drag (N), η is dynamic viscosity (kg m-1 s-1, 0.01 for water), r is the radius 

of particle (m) and v is the flow velocity relative to the particle (m s-1) 

 

Table S3: Table showing the average Stokes Drag particles experience at different flow rates  

Flow rate (µL/min) Velocity (m/s) Stokes Drag (N) 

0.125 5.35 x 10-6 5 x 10-15 

0.25 1.07 x 10-6 1 x 10-14 

1.25 5.35 x 10-6 5 x 10-14 

2.5 1.07 x 10-5 1 x 10-13 

5 2.14 x 10-5 2 x 10-13 

10 4.27 x 10-5 4 x 10-13 

100 4.27 x 10-4 4 x 10-12 

200 8.54 x 10-4 8 x 10-12 

   

 

Reynolds number 

Eq. S2: 𝑹𝒆 =
𝑽𝑫𝒉

𝒗
 

Where V is average velocity (m s-1), Dh characteristic length of the flow channel (m) and v is 

the kinematic viscosity (m2 s-1). In general, Reynolds numbers below 1 dictate a laminar flow 

regime.  
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Péclet number 

Eq. S3: 𝑷𝒆 =
𝑽𝒙𝑹

𝑫
 

where Vx is the speed of the particles at a certain height, R is the height from the channel wall 

(m), and D is the diffusivity (m2 s-1) 

Eq. S4: 𝑫 =
𝒌𝑻

𝟔𝝅𝜼𝒓
 

where k is Boltzmann’s constant, T is temperature (K), η is the dynamic viscosity (kg m-1 s-1), 

and r is the radius of particle (m).  

The diffusivity for the particles is 4.29 x 10-13 m2 s-1 regardless of the flow rate, while the flow 

velocity of the particles at 1 µm height above the channel wall is 0.0132 times the average 

flow velocity of particles within the channel. 

 

Table S4: Table showing average flow velocity, Reynolds number, flow velocity at 1 µm height above channel 
wall and Peclet number at 1 µm height above channel wall 

Flow rate (µL/ 

min) 

Average flow 

velocity (m/s) 

Reynolds 

number 

Flow velocity 

at 1 µm height (m/s) 
Péclet 

number 

0.125 5.35 x 10-6 0.00025 1.42 x 10-8 0.03 

0.25 1.07 x 10-6 0.0005 2.84 x 10-8 0.07 

1.25 5.35 x 10-6 0.0025 1.42 x 10-7 0.33 

2.5 1.07 x 10-5 0.005 2.84 x 10-7 0.66 

5 2.14 x 10-5 0.010 5.68 x 10-7 1.32 

10 4.27 x 10-5 0.021 1.14 x 10-6 2.64 

100  4.27 x 10-4 0.21 1.14 x 10-5 26.4 

200 8.54 x 10-4 0.42 2.28 x 10-5 52.8 
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Flow of PS particle mix over glycine printed flow cells 

 

 Glycine was microcontact printed on an isothiocyanate coated flow cell similar to β-CD 

glass surface functionalization protocol. The flow cells were also backfilled with PEG. PS-

Cy5.5-0.8Ad and PS-Cy3 particles were flowed over glycine printed flow cells at 5 µL/min for 

60 minutes. After flow incubation the flow cell was run dry and the surface was imaged with 

fluorescence microscopy. The images show no visible patterned binding to the glycine prints 

on the glass surface from either particle species.   

Fig. S8: Microscope images of glycine printed flow cells after addition of PS particles mix at 

5 µL/min. Left image shows PS-Cy5.5-Ad particles and right images show PS-Cy3 particles 
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All flow rate variation experiments for PS-Cy5.5-0.8Ad and PS-Cy3 particles over 

β-CD printed surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. S9: a) Fluorescence images of β-CD platforms after addition of an equimolar mix of fluorescent polystyrene 

particles PS-Cy5.5-0.8Ad (i-iv, x-xiv) and PS-Cy3 (vi-ix, xv-xvii). Flow rates used are 0.125 (i,vi) 0.25 (ii,vii), 

1.25 (iii, xvii), 2.5 (iv, ix), 5 (x,xv), 10 (xii, xvi), 100 (xiii, xvii) and 200 (xiv, xviii) µL/min. Top images are 

captured with Cy5 filter and bottom images with RHOD filter at the same location on the surface for the respective 

flow rate. All scale bars are 100 µm. b) Graph showing the PS-Cy5.5-Ad particle density on β-cyclodextrin 

patterns versus all the flow rates used. c) graph showing the binding specificity for these respective patterns versus 

the flow rate. 
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PS particle distribution after 0.25 µL/min flow rate of 20 hours 

 

 

 

 

 

Fig. S10: Overview of extended area (13 mm width) of flow channel after flow incubation of PS-Cy3 particles at 

0.25 µL/min for 20 hours over a PEG functionalized glass surface. Captured with 5x objective and using 10x 5 

tilescan. Top image shows the brightfield image while the bottom image shows the RHOD filter. The dark round 

edges in the corners of the brightfield image are attributed to Micronit flow cell holder, not the flow channel path. 

Scale bars are 2 mm. 



 

104 

 

Distance above the wall for particles at Pe=1 condition 
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Fig. S12: An example of how particles are spread throughout laminar flow at flow rate 5 µL/min of solution and 
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Fig. S11: Graph showing the distance above the wall for the condition that Pe=1 versus the flow rate used.  
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Quantitative analysis of PS-Cy3 particle density (in PS particle mix) with different 

flow rates of PS particle mix solution and different Ad loadings on PS-Cy5.5-Ad  

 

The nonselective binding of PS-Cy3 particles with the functionalized glass platforms were 

quantified and compared with different parameters of the flow cell experiments, namely the 

flow rate used and the Ad loading PS-Cy5.5-Ad. Particle density of PS-Cy3 on β-CD lines are 

in general ca 100 times lower than their PS-Cy5.5-Ad counterparts. Nevertheless, an increase 

in PS-Cy3 particle density is seen with higher Ad loading on PS-Cy5.5-Ad, and a decrease 

between 2.5 and 200 µL/min flow rate (Fig. S14). 

 

 

  

0
0.005
0.01

0.015
0.02

0.025
0.03

0.035
0.04

0.15 0.3 0.8

PS
-C

y3
 p

ar
tic

le
 d

en
si

ty
on

 C
D

 
(p

ar
tic

le
s/

10
2

µm
2 )

Ad loading 
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Flow of PS-Cy3 particles over β-CD printed surface 

 

Non-functionalized PS-Cy3 particles were flowed over CD printed surfaces at a flow rate of 5 

µL/ min for 60 minutes and then imaged with the fluorescence microscope after running dry. 

As shown in Fig. S15, no visible patterned binding is observed for the non-functionalized PS-

Cy3 particles when PS-Cy5.5-Ad particles are not present.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S14: Fluorescence image of 5 µL/min addition of PS-Cy3 over β-

CD patterns. Scale bar is 100 µm. 



107 

 

Chapter 5 

Supramolecular Immobilization of Bacteria in Microfluidic 

Systems In Presence or Absence of an Adamantane 

Functionalized Peptide 

 

Specific detection and targeting of pathogenic bacteria is an important topic within 

environmental technology. Filters for water treatment applications generally employ 

adsorption-based techniques, which removes almost all (in)organic material, rather than 

selectively targeting pathogenic bacteria. This also creates clogging problems with filters. Here, 

we present a versatile method for studying the supramolecular immobilization of Gram-positive 

and -negative bacteria (Staphylococcus (S.) aureus and Escherichia (E.) coli, respectively) in 

microfluidic devices. As proof of concept for using supramolecular host-guest chemistry to 

realize specific bacterial binding, we used a bacterial membrane-adhering ubiquicidin segment 

modified with two adamantane (Ad, guest) molecules (UBI-Ad2) to support immobilization on 

β-cyclodextrin (β-CD, host) patterns. Wild type bacteria attached to both β-CD patterns and 

spacing on the glass surface, while UBI-Ad2 targeted S. aureus immobilized with a higher 

density but more importantly, mainly on β-CD patterns. When β-CD patterns on the glass 

surface were first functionalized with UBI-Ad2 followed by exposure to wild type bacteria, the 

binding density was further increased and specific immobilization was also observed on 

patterned areas. Therefore, it is suggested that aspecific interactions with spacing between β-

CD patterns are blocked when covering the bacterial cell or β-CD functionalized surfaces with 

UBI-Ad2. In general, a higher amount of S. aureus was captured than the E. coli. The acquired 

results show that specific immobilization of biological entities such as bacteria is possible in 

small-scale microfluidic systems. 

 

Stan B.J. Willems, Nikolas Duszenko, Clarize M. de Korne, Anton Bunschoten, R. Martijn 

Wagterveld, Vittorio Saggiomo, Fijs W.B. van Leeuwen, and Aldrik H. Velders. Manuscript in 

preparation 
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5.1 Introduction 

 

Infections caused by pathogenic bacteria are still a major cause of mortality worldwide. 

Some bacterial infections are becoming increasingly difficult to treat due to the emergence of 

antibiotic resistance, which occurs mostly within waste streams of hospitals and farms.1-3 To 

prevent the spread of bacteria, large scale filters for water treatment are used which function 

based on adsorption, such as sand or activated carbon.4,5 Advanced filters based on micelle 

complexes and quaternary ammonium have also been researched to assess the removal of 

bacteria.6,7 Importantly, such filters avoid the use of antibiotic treatment and thus reduce 

potential increase of antibiotic resistance. At the same time, these filters lack specificity for 

microorganisms or (in)organic material in general, as they do not incorporate molecular 

recognition type targeting techniques. Therefore, it is of interest to explore if molecular 

recognition can also be applied to isolate bacteria.  

 In healthcare, molecular targeting techniques are applied to imaging bacterial infections. 

The development of antibacterial tracers is based on use of monoclonal antibodies,8-9 

antibiotics,10,11 bacteriophages,12,13 and antimicrobial peptides (AMPs).14,15 The latter showed 

the most promise regarding specificity toward bacterial infections compared to nonspecific 

uptake in, for example, sterile inflammations.16 UBI29-41, a synthetic peptide segment 

(TGRAKRRMQYNRR) derived from ubiquicidin, is a widely used AMP for imaging bacterial 

infections.16-18 In general, AMPs such as UBI29-41 are cationic and therefore bind with 

negatively charged moieties on the bacterial cell surface, such as lipoteichoic acid, 

lipopolysaccharides and phospholipids.19 Besides charge-mediated interactions, amphipathic 

interactions with lipids on cell membranes are also responsible for UBI29-41 displaying a higher 

specificity toward bacteria when compared to other cationic peptides.20,21  

For capturing bacteria targeted through molecular recognition, supramolecular host-

guest chemistry holds promise due to high affinity and non-covalent interactions.22,23 Host-

guest interactions have also been used for inducing cell-cell interactions between mammalian 

cells,24 or to realize pre-targeting under harsh in vivo conditions.25,26 Recently, we translated 

this concept to the area of water purification. In first instance we used the host-guest interactions 

to immobilize micro-sized polystyrene constructs functionalized with adamantane (guest) on a 



109 

 

molecular functionalized planar containing β-cyclodextrin (host, β-CD).27 To promote 

performance assessment of such systems, we have developed a method to create 

polydimethylsiloxane (PDMS)/glass hybrid microfluidic devices as versatile biosensors.28 The 

fabrication of molecular patterns within a biosensor improves analyte detection for quickly 

establishing signal to background ratio’s.  

In this study, we integrate the supramolecular β-CD host surface and unique 

microfluidic devices systems to test the isolation of bacteria from aqueous streams. By using 

the molecular targeting capabilities of a diadamantane functionalized UBI29-41 peptide (UBI-

Ad2,29 structure shown in Fig. 5.1b), we functionalize living bacteria cells with adamantane 

guest molecules, subsequently allowing their immobilization on microfluidic surfaces with 

supramolecular β-CD patterns from Chapter 3. Staphylococcus aureus (S. aureus) and 

Escherichia coli (E. coli) bacteria were used for specific immobilization studies as they 

represent well-studied models for both Gram-positive and Gram-negative bacteria pathogens. 

In an attempt to better understand the interaction strengths, we studied how UBI-Ad2 promoted 

interaction when first coupled to the bacteria, compared to using UBI-Ad2 functionalized β-CD 

surfaces.  
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Fig. 5.1: a) Flow experiments with bacteria over β-CD patterned surface by (i) addition of wild type bacteria over 
surface as a control (ii) addition of UBI-Ad2 pre-targeted bacteria over β-CD patterns on glass surface and (iii) 
pre-functionalization of patterned glass surface with UBI-Ad2 peptide then addition of unaltered bacteria over 
UBI patterned surface. The different length scales are emphasized to show the range at which interactions are 
taking place between bacteria, UBI-Ad2 targeting peptide and functionalized β-CD surfaces. b) Structure of UBI-
Ad2 peptide used to target bacteria at physiological pH. c) Legend explaining different layers on functionalized 
surface to yield β-CD functionality.  
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5.2 Experimental Section 

 

General 

Chemicals were purchased from Sigma Aldrich/Merck unless mentioned otherwise. 

Menzel-Gläser borosilicate glass microscope slides were used to fabricate the microfluidic 

device and were purchased from Thermo Scientific. Hyper pure polished silicon wafers (76.2 

mm diameter, purchased from University Wafer, USA) were used as silicon masters. A 

photomask template containing patterns, with different feature and spacing sizes, was designed 

and ordered from JD photo data (UK). Deionized (DI) water was used in all the experiments. 

Cyanine 5-diadamantane (Cy5-Ad2) was synthesized as reported previously.24 

 

Instrumentation 

For the preparation of the silicon master for PDMS stamps, a standard UV-lithography 

set-up was used. 50 µm thick SU-8 2025 negative photoresist on the silicon wafer was irradiated 

with a UV lamp at λ = 350 nm at 50% intensity. An Inseto Plasma Etch, Inc. PE-25 benchtop 

air plasma cleaner was used for plasma cycles of 1 min at its maximum RF plasma power of 

100 W with an air flow of ~10 cc/min, which allowed for a vacuum pressure of 200-250 mTorr 

within the chamber during plasma treatment. An RC6 Chemistry Hybrid Pump from 

Vacuubrand (vacuum of 2 x 10-3 mbar) was used for applying high vacuum condition in 

desiccators. The functionalized glass surfaces were imaged using a Leica SP8 confocal laser 

scanning microscope with 20X magnification objective lens or a Leica DMi8 epi-fluorescence 

microscope with 10X magnification objective lens . Hoechst stained bacteria were excited (λex) 

using the 405 nm laser diode and emission (λem) was collected between 420-470 nm. Cy5 

emission was measured with the epi-fluorescence microscope at a wavelength (λex) of 590-650 

nm and emission (λem) was collected at 662-738 nm (using the Y5 filter cube) with an exposure 

time of 278 ms. 
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FIJI/ImageJ data analysis  

The results were analysed with FIJI software (ImageJ).30 An automated macro 

(BiFF_v1.0) was developed which applied a color threshold and a size threshold to the 

microscopy images (775x775 pixels) to segment the bacteria based on their fluorescent signal 

and size. The user then placed 2 ROIs of the same size (735x50 pixels) to select the β-CD line 

and the non-β-CD line and calculated the ratio between the bacteria surface found within the 2 

ROIs. The fraction of the ROI covered with bacteria was then calculated. 

 

Glass surface functionalization  

The general glass surface functionalization with β-cyclodextrin was performed as 

described by Onclin et al.31 and creating patterns was carried out through plasma microcontact 

patterning (PµCP).32 In short, glass microscope coverslips of size 56 x 26 mm were cleaned and 

oxidized with piranha solution (H2SO4 (95-98%)/ H2O2 (30%), 3:1 v/v; Warning! Piranha 

solutions must be handled with caution as they may unexpectedly detonate) for 45 minutes, 

rinsed with large amounts DI water, and dried under N2. The glass slides were placed in a high 

vacuum, pre-heated desiccator together with a glass vial containing 1 mL of 3-

aminopropyltriethoxysilane (APTES, 99%) and placed in an oven at 70° C overnight for 

chemical vapor deposition (CVD) of APTES. Following amine monolayer formation, the glass 

slides were removed from the desiccator and rinsed with toluene (HPLC grade, VWR, the 

Netherlands) and dichloromethane (DCM, VWR). The glass slides were then cured for at least 

1 hour in the oven at 70°C. Next, the glass slides were immersed in 0.1 M 1,4-phenylene 

diisothiocyanate (PDITC, TCI Chemicals Belgium) in anhydrous toluene (max 0.002% H2O, 

VWR) for 2 hours under argon atmosphere to yield isothiocyanate bearing layers. Following 

the immersion, the surfaces were rinsed with toluene and DCM and incubated in 0.72 mM 

heptakis amino β-cyclodextrin (β-CD, Cyclodextrin Shop, the Netherlands) in aqueous solution 

at pH 8.0 (reached by adding small amounts of 1 M NaOH). This incubation was carried out 

for at least 2 hours. Surfaces were then rinsed with DI water and dried with nitrogen. 
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PDMS replica fabrication (PDMS microchannel features)  

A 3D positive print with channel dimensions of 20 x 2 x 0.5 mm was designed in 

SketchUP (Trimble) and printed with an LCD 3D printer (Photon Anycubic). For an easy 

peeling of the PDMS, the 3D printed molds were coated with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane (PFOTS, 97%) using chemical vapor deposition (CVD) in a vacuum 

desiccator; the 3D printed structure was air plasma activated for 30s, then it was placed in a 

desiccator with a vial of 100 µL of PFOTS. The desiccator was then left under static vacuum 

for overnight CVD of PFOTS. After deposition in the desiccator, the 3D printed structure was 

removed from the desiccator and left in the oven at 70 °C for 1 h, then it was washed with 

ethanol and isopropanol. PDMS replicas were prepared by pouring PDMS mixture (10:1 

PDMS/curing agent) on the 3D printed PFOTS coated mold. After overnight curing at 70 °C, 

the PDMS was cut out the mold and sonicated in ethanol for 4 minutes for removing small 

molecular weight and unreacted PDMS chains. The PDMS replica was then dried with nitrogen. 

An inlet and outlet were then created on the edges of the microchannel features by puncturing 

through the PDMS with a 1.5 mm Ø punch (KAI, Japan). 

 

Plasma microcontact patterning (PµCP) 

PDMS stamps for PµCP were fabricated using the standard technique from 

Whitesides.33 A silicon master was first fabricated by spin-coating at 1500 rpm with SU-8 2025 

photoresist (Microchem, USA) to yield a 50 µm thick photoresist layer and then treated using 

UV photolithography with a photomask containing 150 µm patterns and 50 µm pattern spacing. 

The silicon master and a separate glass vial containing 100 µL of trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane (PFOTS, 97%) were introduced into a desiccator under vacuum for 

overnight CVD. After incubation with PFOTS, the wafer was cleaned with isopropanol and 

dried with nitrogen. Stamps were prepared by casting a 10:1 (w/w) mixture of 

poly(dimethylsiloxane) (PDMS) and curing agent (Sylgard 184, Dow Corning) onto the silicon 

master with 150 µm patterns and 50 µm pattern spacing. After overnight curing at 70 °C, the 

PDMS stamps were cut out the master to ca 0.75 cm2 and sonicated in ethanol to remove low 

molecular weight PDMS. The PDMS stamps were then brought into conformal contact with 

the freshly prepared functionalized glass surfaces. β-CD covered slides were then placed in the 
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plasma cleaner (using the settings mentioned in the instrumentation section) for 4 cycles of 1 

minute each. 

 

Microfluidic channel fabrication  

The PDMS replica was placed facing upwards in the plasma oven along with the PµCP-

β-CD surface for the 4th plasma cycle. The PDMS stamp was removed from the patterned β-

CD surface and the PDMS replica was firmly placed on top of the patterned glass slide, with 

the microchannel facing downwards. Microfluidic device was incubated in the oven at 70 °C 

for at least 1 hour. Tubing was then connected to the inlet and outlet of the channel. The inlet 

tubing was then connected to a syringe pump and the outlet tubing to a waste vial.  

 

Bacteria binding experiments  

Before using the β-CD functionalized microfluidic device for immobilization 

experiments, the microchannels and surface was thoroughly rinsed with DI water. UBI-Ad2 was 

synthesized as mentioned previously.29 To functionalize S. aureus and E. coli with UBI-Ad2, 

108 CFUs were added to 1 mL 25 mM ammonium acetate buffer pH 5 containing 8 μM UBI-

Ad2 and 1 μM Hoechst 33342 and incubated with shaking at 37 °C. Thereafter, bacteria were 

centrifuged at 10,000 RCF for 5 minutes, supernatant discarded, and the pellet resuspended in 

phosphate-buffered saline (PBS; 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM 

KCl, pH 7.4); such washing was repeated thrice. Bacteria were finally diluted to a concentration 

of 108 CFU/mL. Bacteria lacking the UBI-Ad2 functionalization underwent the same procedure. 

For UBI-Ad2 pre-targeting of β-CD surfaces, a 8 μM solution of UBI-Ad2 in PBS was added, 

allowed to incubate for 1 h at room temperature, and then washed thrice with PBS. Binding 

experiments were carried out by applying flow rate of 2 µL/min for 1 hr with bacteria solutions 

over the β-CD functionalized microfluidic device. Subsequently, microchannels were washed 

with PBS at a flow rate of 12 μL/min, and images captured using confocal fluorescence 

microscopy.  
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5.3 Results and Discussion 

  

 Microfluidic devices containing patterned monolayers of β-cyclodextrin (β-CD) were 

fabricated as in Chapter 3. First, background interactions of bacteria with the glass surface 

were checked by using non-targeted S. aureus and E. coli (Fig. 5.1a(i)). Secondly, S. aureus 

and E. coli bacteria were pre-targeted with UBI-Ad2 and then flowed separately through 

microchannels (Fig. 5.1a(ii)). The UBI-Ad2 peptide interacts with the bacterial cell membrane 

through hydrophilic and hydrophobic interactions, therefore the peptide is sequestered within 

the cell membrane with Ad groups protruding from the cell surface. Moreover, we carried out 

pre-functionalization of the β-CD surface with UBI-Ad2 and subsequently flowing a solution of 

unaltered bacteria over, essentially, a UBI patterned surface (Fig. 5.1a(iii)). The bacteria 

binding density (based on the fraction of a surface covered with bacteria) on the CD 

functionalized surface was also determined.In order to quantitatively analyze differences within 

binding experiments, the ratio of bacteria adhered on CD functionalized surface compared to 

non-CD surface was determined (also called ‘binding specificity ratio’). Fig. 5.2 shows all the 

results and quantitative analysis of the bacteria binding experiments; we first discuss 

immobilization results with wild type S. aureus, then UBI-Ad2 pre-targeted bacteria, then the 

effect of pre-functionalizing the glass surface with UBI-Ad2 prior to bacteria immobilization. 

Later, we discuss the same bacterial targeting experiments for E. coli.  
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S. aureus binding 

Wild type S. aureus bacteria were observed attaching to both β-CD functionalized and 

non-functionalized areas (Fig. 5.2a(i)). A bacterial binding density of ca 0.2 was calculated for 

CD lines, which is the fraction surface covered with bacteria (Fig. 5.2b). Wild type bacteria 

also attached with a more or less similar binding density to spacing between CD lines (Fig. 

5.2a(i)), also portrayed by a binding ratio of c.a. 1 shown in Fig 5.2c. When S. aureus was pre-

targeted with UBI-Ad2 and subsequently flowed over the surface (Fig. 5.2a(ii)), the binding 

Fig. 5.2: a) Microscopy images of ß-CD patterned surfaces after 2 µL/min addition of S. aureus (i-iii) and E. coli 
(iv-vi) without UBI targeting (i,iv), UBI-Ad2 targeting on bacteria cell surface (ii,v), and on a pre-functionalized 
UBI surface (iii,vi). Scale bars for all images represent 100 µm. b. c) Graph showing the normalized density of 
bacteria captured on CD surface with no UBI targeting (control) samples, UBI targeting on bacteria (UBI on 
bacteria) or bacteria captured on pre-functionalized UBI patterned surfaces (UBI on glass surface). ) Graph 
showing the ratio of S. aureus or E. coli captured on CD: non-CD surface for the same samples. 
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density of bacteria to β-CD was also slightly higher than 0.2 (Fig. 5.2b). However, this value 

was within the error range of the control binding density. Patterned binding of UBI-Ad2 targeted 

bacteria was also clearly observed in the microscopy image (Fig. 5.2a(ii), which correlates with 

the higher binding specificity ratio determined in Fig. 5.2c. Next, flowing of unmodified S. 

aureus over β-CD surfaces pre-functionalized with UBI-Ad2 resulted in a binding density of 

approximately 0.3 (Fig. 5.2b). The image depicted in Fig. 5.2a(iii) also shows clear binding of 

the unmodified bacteria to UBI patterns with a binding specificity ratio of approximately 2 (Fig. 

5.2c). Overall, an increase in S. aureus binding density is observed when going from wild type 

(control), to UBI-Ad2 pre-targeting of bacteria and to pre-functionalization of UBI-Ad2 on the 

β-CD patterned surface (Fig. 5.2b). This shows that UBI-Ad2 functionalized microfluidic 

devices are able to capture S. aureus bacteria most efficiently with a binding density of 0.3 

compared to 0.2 of the control.  

Wild type S. aureus most likely attaches to the surface via aspecific supramolecular 

interactions with β-CD patterns and charge interactions with non-functionalized spacing 

between patterns. Pre-targeting S. aureus with UBI-Ad2 slightly increases the binding density 

of the bacterium and the binding specificity ratio moderately increases from 1 to 2.5 compared 

to the wild type. Furthermore, the S. aureus binding density increases further and remains 

specific when switching to UBI functionalized glass surfaces. Through pre-targeting of bacteria 

with UBI-Ad2 , it is expected that a high amount of Ad groups are presented on the bacterial 

cell surface for potential multivalent interactions with β-CD units on the glass surface. This 

situation is therefore similar to the immobilization of adamantane functionalized PS particles 

on β-CD used in Chapter 4. We also expect that covering the surface of bacteria with UBI-Ad2 

hinders background interactions noticed with the non-functionalized spacing and compels 

targeted bacteria to interact with β-CD patterns via host-guest interactions. When pre-

functionalizing the β-CD surface with UBI-Ad2, S. aureus immobilization also occurred mainly 

on patterned areas, which suggests that the non-functionalized spacing is blocked after 

incubation with UBI-Ad2. Therefore, we speculated that during the pre-functionalization step, 

UBI-Ad2 also attached to the non-functionalized spacing between β-CD patterns via aspecific 

interactions such as physisorption. In order to check this, we incubated a cyanine 5-stained 

variant of UBI-Ad2 peptide over the β-CD patterned surface, which showed that the peptide 

also attached to the spacing between β-CD patterns (Fig. S1). This is possible due to the high 

positive charge of the UBI (ca pKa ~12), which covers and neutralizes the negative silanol 
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groups between CD patterns, and leads to blocking aspecific interactions of wild type bacteria 

with non-functionalized areas. As an additional control, the concentration of UBI-Ad2 for 

functionalizing β-CD patterns was lowered to 2 and 4 µM and tested with S. aureus (Fig. S2). 

Specific binding of S. aureus to UBI patterns was only possible when using a concentration of 

8 µM UBI-Ad2 for pre-functionalizing β-CD patterns, suggesting that the negatively charged 

residual spacing between β-CD patterns is then properly filled to block aspecific interactions 

with bacteria.  

 

E. coli binding 

The same binding experiments were also carried out for E. coli bacteria. In first instance, 

flow incubation of wild type E. coli (Fig. 5.2a(iv)) resulted in a binding density of 

approximately 0.1 (Fig. 5.2b). There was also no preferential binding of E. coli to β-CD 

patterns, resulting in a binding specificity ratio less than 1 (Fig. 5.2c). After flow addition of 

UBI-Ad2 targeted E. coli over β-CD patterns (Fig. 5.2a(v)), the binding density also remained 

at c.a. 0.1 (Fig. 5.2b) and the binding specificity ratio increased to 3. In Fig. 5.2a(iv), flowing 

of unmodified E. coli over β-CD surfaces pre-functionalized with UBI-Ad2 resulted in a binding 

density of approximately 0.3 (Fig. 5.2b) and binding specificity ratio of 2 (Fig. 5.2c). From 

these results, a decrease in E. coli binding is observed when using UBI-Ad2 pre-targeting 

compared to the wild type bacterium. The binding density decreases further when UBI-Ad2 is 

pre-functionalized on the glass surface, showing an overall decrease in immobilization when 

using UBI molecular recognition targeting. The binding specificity ratio, however, increases 

through using UBI-Ad2 pre-targeting or pre-functionalization on the β-CD patterned surface. 

 

Comparison of S. aureus and E. coli binding 

In general, it was observed that S. aureus was had a higher binding density than E. coli 

when flowed over functionalized surfaces. For both S. aureus and E. coli, the attachment of 

wild type bacteria to β-CD can be related to host-guest inclusion complexes being formed with 

the cyclodextrin cavity and receptors on the bacterial cell surface.34 An increase in binding 

specificity ratio was observed for both bacteria when pre-targeting the bacterial cell membrane 



119 

 

with UBI-Ad2. We expect that covering the surface of bacteria with UBI-Ad2 hinders 

background interactions with the non-functionalized spacing and compels targeted bacteria to 

interact with β-CD patterns via host-guest interactions. Additionally, pre-functionalization of 

UBI-Ad2 on β-CD patterned glass surfaces increased the specificity of both bacteria for line 

patterns. Since wild type bacteria also attached to non-functionalized spacing on glass (Fig. 

5.2a(i+iv)), this suggests that pre-functionalizing glass surfaces with UBI-Ad2 also blocks 

background interactions of bacteria.  

It is possible that UBI has a lower binding affinity with E. coli or that some adamantane 

groups on the UBI peptide are shielded by pili and flagella on E. coli. Therefore, improved 

immobilization of E. coli could be achieved by targeting receptors on the pili. This was carried 

out in work from Voskuhl and Sankaran et al,22 where FimH receptors on the pili of E. coli 

were targeted by mannose to facilitate the immobilization of E. coli on surfaces functionalized 

with mannose groups. In our case, S. aureus bacteria preferably attaches to the surface 

compared to E. coli and binding to line patterns of β-CD becomes more specific when targeting 

bacteria with UBI-Ad2. Through using UBI-Ad2 functionalized surfaces, approximately 6 times 

more S. aureus bacteria are captured compared to E. coli.  

 

5.4 Conclusion 

 

In conclusion, we used chemically modified microfluidic devices as a versatile platform 

for testing the on-flow immobilization of S. aureus and E.coli as Gram-positive and Gram-

negative bacteria. We hypothesized an increase in binding of the model bacteria was achieved 

through formation of multivalent host-guest inclusion complexes based on adamantane and 

cyclodextrin. By using a diadamantane functionalized antimicrobial peptide based on a 

ubiquicidin segment, UBI29-41 (UBI-Ad2), adamantane guest molecules were introduced onto 

the bacterial cell surface prior to flow experiments over β-CD patterned surfaces. A higher 

amounts of S. aureus bacteria were immobilized than E. coli for control and UBI-Ad2 pre-

targeted bacteria samples. We also tested bacterial binding through pre-functionalizing β-CD 

patterns with UBI-Ad2 on the glass surface. In this case, aspecific interactions of bacteria with 

the spacing between patterns on the glass surface were also blocked and the UBI peptide 
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selectivity for S. aureus was further increased. In summary, surfaces with β-CD patterns created 

by plasma microcontact patterning (PµCP) allow for detailed screening revealing subtle 

differences in multivalent binding interactions of bacteria. Future studies will focus on more 

detailed quantitative analysis.  
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5.6 Supplementary Figures 

 

 

 

  

Fig. S1: Microscopy images of β-CD patterns within microfluidic channel after addition of 1 µM UBI-Cy5-Ad2 

during washing surface with PBS (a) and after running the surface dry (b). Scale bars represent 100 µm. 
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Fig. S2: a) Microscopy images after flow addition of S. aureus over surface pre-functionalized with a UBI-Ad2 

concentration of 2 µM (i), 4 µM (ii) or 8 µM (iii). b) Quantitative analysis comparing the ratio of S. aureus on 

UBI: non UBI surface with UBI-Ad2 concentration pre-functionalized on the glass surface. c) Graph showing the 

normalized bacteria density on UBI lines compared to UBI-Ad2 concentration pre-functionalized on the glass 

surface. 
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Chapter 6 

General discussion 
 

 

 

 

 

This thesis reports on the supramolecular immobilization of (model) particles and 

bacteria using cyclodextrin functionalized surface incorporated within microfluidic devices. As 

a first step, development and characterization of functionalized surfaces in microfluidic systems 

was carried out, along with a focus on patterning molecules to improve analysis using 

microscopy. Further on in the thesis, the cyclodextrin functionalized microfluidic systems were 

used more practically by studying immobilization of targeted model microparticles and bacteria 

using host-guest chemistry. Based on these results, it can be assessed whether using host-guest 

chemistry is a practical tool for specific removal of bacteria within water purifications systems. 

In this chapter, we discuss the main findings of this thesis, other types of surface moieties which 

could potentially be used for cell binding applications. Importantly, the feasibility for 

implementation of the technology in wastewater treatment systems is discussed, with respect to 

improving efficiency by scaling-up, reducing fouling and antibiotic-resistant bacteria. 
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6.1 Main Findings 
 

Specific removal of bacteria through molecular recognition mechanisms may be 

considered as advanced technology for waste-water treatment. For (bio)medical and biosensing 

applications, labeling of receptors on surfaces through molecular recognition has been carried 

out for decades and has shown to be specific. It is therefore of interest to see how this concept 

can be translated and applied to immobilize cells such as bacteria. For this project, the goal was 

to prove and investigate specific targeting and capturing of bacterial cells with molecular 

recognition targeting, with an outlook toward scaling up the technology for use in waste-water 

treatment plants. A primary and important step in achieving this goal was designing a platform 

and setup which can be used for carrying out immobilization studies. For this, we turned to 

using microscopy for studying immobilization on modified glass surfaces as platforms. In the 

case of molecular recognition type targeting, glass surfaces were functionalized to carry out 

supramolecular host-guest interactions. Such interactions are known for high affinity, non-

covalent and reversible binding of entities.  

It can be stated that for supramolecular chemistry, host-guest inclusion complexes based 

on β-cyclodextrin (β-CD, host) and adamantane (Ad, guest) are among the most popular due to 

high affinity binding.1 Therefore, we worked on functionalizing glass surfaces presenting β-CD 

units for capturing Ad labeled constructs, which can be analyzed and confirmed using 

fluorescence microscopy. We argued that within microscopy using patterns of functionalized 

Fig. 6.1: Schematic depicting the main steps necessary for creating patterns on surface via a) microcontact printing 
(µCP) or b) plasma microcontact patterning (PµCP). 
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groups on the glass surface, such as β-CD units, allows for experimental control between 

positive, functionalized areas and negative, non-functionalized areas to improve validation with 

binding studies (chapter 2). Microcontact printing (µCP) is a cheap method for patterning 

surfaces and is carried out using patterned polydimethylsiloxane (PDMS) stamps for directly 

‘adding’ molecular features to surfaces. However, it can be hampered by experimental 

reproducibility for first-time users and even more experienced users,2 due to its sensitivity to 

pressure, solvent compatibility, etc. Therefore, we explored a new methodology for pattern 

creation in chapter 2 known as ‘plasma microcontact patterning’ (PµCP), in which a patterned 

PDMS stamp partially protects a covalently functionalized surface subjected to plasma etching 

(see Fig. 6.1). Characteristics of the PµCP technique used in this chapter include: 

- Pattern creation through removing surface functionalization (in contrast to additive 

manufacturing) 

- Less steps than µCP 

- Higher reproducibility and easier than µCP because of consistent plasma etching 

- Possibility for sub-10 µm features through rotating PDMS stamp between plasma 

cycles 

- No requirement of clean-room facilities 

 The patterned β-CD glass surfaces were proven to be functional in terms of 

supramolecular targeting of guest molecules in a static setup. As a next step, we wanted to 

incorporate the modified surfaces in a microfluidic setup where a flow of liquid can be applied 

over the surface, which is more relatable to real-life applications such as waste-water treatment. 

In chapter 3, we investigated combining PµCP for obtaining β-CD patterns with fabrication of 

PDMS/glass microfluidic devices through replica molding since both processes require plasma 

etching. The part of the β-CD functionalized glass surface which is subjected to plasma 

treatment during PµCP, within and outside the PDMS stamp area, can covalently attach to 

oxidized PDMS surfaces by plasma bonding. Therefore, by plasma treating both the β-CD glass 

surface covered with patterned PDMS stamp and a PDMS replica containing microchannel 

features, a microfluidic device containing β-CD patterns was fabricated after removing the 

PDMS stamp and pressing glass surface and PDMS replica together (Fig. 6.2). The fabrication 

of microfluidic devices with covalently bound molecular patterns within microchannels as 

biosensors has many advantages, including: 
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- measuring signal to noise ratio of analyte binding to patterns vs spacing for 

qualitative or quantitative purposes 

- improved handling of liquids over the surface through microfluidic channels 

- re-usability of devices; which was tested with Cy5-Ad2 immobilization, then 

removing through washing with competing agent β-CD, followed by re-addition 

- possibility for multiple channels over one patterned surface for micro-array based 

analyses, such as testing host-guest binding kinetics with different concentrations of 

Cy5-Ad2 

  

  

Fig. 6.2: a) Principle of combining PµCP and microfluidic device fabrication to create PDMS/glass patterned 
microfluidic devices. b) Photograph of fabricated device and microscope images to show fluorescent patterns after 
addition of Cy5-Ad2. Scale bar represents 2 mm. 
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 In the previous chapters, nano-sized entities such as Cy5-Ad2 were successfully 

immobilized through host-guest interactions on β-CD platforms using static and flow 

incubations. Scaling up host-guest interactions toward capturing micro-sized entities such as 

bacteria presents a more challenging goal for the nano-sized β-CD. Therefore, we decided to 

test the feasibility of capturing micron-sized entities with host-guest interactions by using 

adamantane functionalized polystyrene microparticles as a model for bacterial cells. With an 

outlook toward implementing host-guest interactions for specific bacterial removal in waste-

water treatment, we tested several important factors for microparticle immobilization on flow: 

- variation in flow rate to determine ideal speed for achieving efficient particle capturing 

- effect of adamantane loading on the polystyrene particle surface in particle capturing 

- effect of settling of microparticles during flow by placing β-CD functionalized surface 

upside down in microfluidic device 

- re-usability of β-CD patterned surface after removing PS particles  

 Particle immobilization on β-CD patterned surfaces was selective for adamantane 

functionality, which was validated through including a control PS particle without adamantane 

groups (Fig. 6.3). We found that there is an optimum in particle capturing with the flow rate 

variation experiment: very low (0.125 µL/min) and very high (200 µL/min) flow rates result in 

a lower amount of captured particles. This binding profile was correlated and validated by 

Comsol simulations, which showed that particle settling played an important role on the particle 

immobilization. When the flow rate is kept the same, a higher adamantane surface coverage on 

PS particles increases the amount of particles captured. This proves the importance of 

multivalency for immobilization of micron-sized constructs using host-guest interactions. We 

also found that specifically bound PS particles can be removed from the functionalized glass 

surfaces through sonication in alcoholic solutions, and the β-CD units can consecutively be re-

used for particle capturing.  
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 As immobilization of micron sized polystyrene particle was successful on the 

cyclodextrin functionalized surfaces, we moved to capturing S. aureus and E. coli bacteria. 

Previously, the polystyrene particle surface was chemically modified with adamantane groups. 

Now, we used an adamantane functionalized antimicrobial peptide, known as UBI-Ad2, to 

target the bacterial cell surface and present it with adamantane moieties for immobilization onto 

β-CD functionalized surfaces. These bacteria have roughly the same size as the polystyrene 

particles, and thus we hypothesized that the immobilization should be possible through host-

guest interactions when assuming similar amounts of accessible adamantane units and using 

the same flow rates. However, the extracellular structure of bacteria, i.e. bacterial cell surface, 

contains many more (biological) components than polystyrene particles, such as fimbria, 

flagella, phospholipids, lipopolysaccharides, glycoproteins, etc. These components could either 

repel any kind of interaction with functionalized planar surfaces or facilitate adhesion through 

fouling processes. Moreover, there is also a large difference in bacterial cell envelope structure 

between Gram-positive and Gram-negative bacteria. Therefore, S. aureus and E. coli are 

Fig. 6.3: Schematic and microscopy images depicting the specific on-flow immobilization of adamantane 
functionalized polystyrene particles to cyclodextrin patterns on the glass surface 
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reliable model bacteria for testing immobilization on planar surfaces via host-guest interactions. 

To study the immobilization of bacteria to β-CD patterned surfaces, the following experiments 

were carried out: 

- binding of UBI-Ad2 targeted bacteria to β-CD patterned surfaces by applying a flow rate 

of either 2 or 20 µL/min 

- pre-functionalization of β-CD patterned surfaces with UBI-Ad2 and then flow addition 

of bacteria at 2 or 20 µL/min 

- varying concentration of pre-functionalized UBI-Ad2 on surface and flow addition of S. 

aureus at 2 µL/min 

 Results showed that pre-targeting of S. aureus with UBI-Ad2 immobilized bacteria only 

onto β-CD patterns surfaces during flow incubation. Non-targeted bacteria adhered to spacing 

between cyclodextrin but also onto β-CD patterns which could be due the formation of inclusion 

Fig. 6.4: a) Principle of immobilizing bacteria to UBI-Ad2 functionalized cyclodextrin surfaces. b) Microscopy 
image showing the successful on-flow immobilization of UBI-Ad2 functionalized S. aureus to cyclodextrin 
patterns. Scale bar represents 100 µm. 
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complexes between phospholipids and cyclodextrin.3 Phospholipids constitute a large part of 

cellular membranes which can explain the aspecific retention of both S. aureus and E. coli not 

targeted by UBI-Ad2. Therefore, the results with pre-targeting bacteria with an antimicrobial 

peptide UBI-Ad2 prevents the adhesion of bacteria to the spacing between β-CD patterns. 

Addition of UBI-Ad2 to β-CD functionalized surfaces prior to applying a flow of bacteria also 

showed a significant increase in bacteria immobilization and selectivity for S. aureus rather 

than E. coli (Fig. 6.4).  

 On the basis of the results described in this thesis, we can conclude that using 

supramolecular host-guest interactions based on β-CD and adamantane are promising for 

detection of ‘large’ constructs such as micrometer sized particles and bacteria. The use of 

microfluidics in testing immobilization of molecules, microparticles, or cell provides a versatile 

testing ground that is especially useful for finding the optimal retention efficiency of these 

entities. Furthermore, the obtained results using these model systems for capturing microsized 

entities from a flow of solution also determines the feasibility for scaling up toward wastewaster 

treatment applications.  
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6.2 Alternative Surface Functionalizations for Immobilization of Cells 

 
In addition to cyclodextrin functionalized surfaces, we also explored surfaces modified 

with lectins and heavy-metal ions for binding of micron sized cells, such as microalgae and 

bacteria. Such surfaces also hold promise for immobilization of cells through supramolecular 

binding motifs based on carbohydrate-lectin pairs or formation of metal-coordination 

complexes such as nickel and His6-tags. 

 

Lectin functionalized glass surface 
Lectins are carbohydrate binding proteins, each with an affinity for certain types of 

carbohydrates.4 The surface of cells generally contains many carbohydrates and therefore, 

specificity could be created in cell targeting by selecting unique lectin-carbohydrate couples, 

such as concanavalin A and mannose. Within our group, the aggregation of nanoparticles has 

been used as sensors for the sensitive detection of lectins in solution through binding of 

mannose functionalized quantum dots to free concanavalin A. Quantum dots were 

functionalized with cyclodextrin and captured adamantane modified mannose groups, which 

could in turn be used to capture concanavalin A and cause aggregation.5 The loss of 

fluorescence signal in solution due to aggregation and settling of quantum dots was measured 

with fluorescence spectroscopy and defined the system as a sensor for lectin detection. We 

therefore tested the principle of lectin binding to sugar groups on cells by using the microalgae  

Fig. 6.5: Crystal structure of wheat germ agglutinin (WGA) lectin protein before (structure from Harata et al.6) 
and after complexation with N-acetylglucoseamine (GlcNAc, structure from Schwefel et al.7). 
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Nannochloropsis gaditana as another model for bacteria and functionalizing a planar 

silica surface with wheat germ agglutinin (WGA) lectin, which targets sialic acid or N-

acetylglucosamine residues that are abundant on the algae’s surface (Fig. 6.5).  

  We tested the functionalization of WGA on glass surfaces by using either covalent 

attachment of amine groups on WGA via isothiocyanate bearing layers on glass or 

physisorption of WGA, which is commonly carried out with proteins on glass surfaces.8 Firstly, 

WGA was labelled with rhodamine B isothiocyanate (RITC), and was either patterned on glass 

surfaces via conventional μCP or using PμCP. For covalent attachment of WGA on 

isothiocyanate functionalized glass surfaces, μCP was used similarly to printing heptakis amino 

β-CD and backfilling in PEG-NH2 took place afterwards (Fig. 6.6a). Through the fluorescent 

labelling of WGA, the patterns could be readily analyzed by fluorescence microscopy, which 

validated the attachment of the lectin to the glass surface (Fig. 6.6b). After validation, flow 

experiments with N. gaditana microalgae were carried out which showed clear patterned 

binding of the microalgae to the lectin functionalized surface at a flow rate of 10 μL/min.  

 Besides covalent attachment of WGA, physisorption of the lectin protein was also 

tested. Surface were fully functionalized through covalent attachment of PEG-NH2 and were 

Fig. 6.6: a) Scheme depicting the procedure for μCP of rhodamine B isothiocyanate (RITC) stained wheat germ 
agglutinin (WGA) lectin on an isothiocyanate (NCS) functionalized glass surface and interaction of N. gaditana 
(algae) with the surface. b) Fluorescence microscopy images of WGA-RITC patterns using RHOD channel and 
WGA-RITC surface after 10 μL/min flow addition of 0.17 pM N. gaditana algae for 30 minutes. Scale bars are 
100 μm. 
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then subjected to PμCP, which resulted in 150 μm broad patterns of PEG on the glass surface 

with 50 μm broad spacing of hydroxyl groups/’charged’ surface. WGA was then physisorbed 

on the surface between PEG patterns and validated on the microscope as thinner fluorescent 

lines (Fig. 6.7a). For these WGA patterned surfaces, flow experiments with N. gaditana were 

also carried out at a flow rate of 10 μL/min. Clear patterned binding of the algae was also visible 

in Fig. 6.7b.  

  In our experience, creating patterns of WGA through PμCP of PEG functionalized 

surfaces and subsequent backfilling with WGA was more reproducible than μCP WGA on 

isothiocyanate bearing layers. Furthermore, control experiments in which µCP bovine serum 

albuminin (BSA) was carried out showed aselective adhesion of algae to printed patterns on the 

surface, which was not the case with PµCP of BSA. Electrostatic deposition of proteins such as 

WGA between PEG patterns also avoids μCP of proteins with PDMS stamps, which can 

damage the structure of protein molecules.9 Moreover, we suspect that rigid covalent 

attachment of protein molecules through reacting lysine/amine groups to isothiocyanate layers 

on glass could also hinder optimal functioning of certain proteins. Notwithstanding, the 

Fig. 6.7: a) Scheme depicting plasma microcontact patterning (PμCP) of a polyethylene glycol (PEG) 
functionalized surface and subsequent backfilling spacing between PEG patterns with WGA-RITC. Lastly, 
addition of algae over the surface for interaction with WGA. b) Fluorescence microscopy images of patterned 
WGA-RITC surface and patterned surface after 10 μL/min flow addition of 0.17 pM N. gaditana algae for 30 
minutes. Scale bars are 100 μm. 
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potential of lectins for bacteria binding applications remains of interest due to the lectin’s 

specific carbohydrate binding affinity. Lectin targeting of bacteria may be combined with β-

CD functionalized platforms by using intermediary adamantane functionalized carbohydrates, 

which could improve reversibility of binding through non-covalent host-guest interactions. 

Considering further applications for this project, the fabrication of protein arrays can be carried 

out in combination with the multi-channel PDMS/glass microfluidics devices presented in 

chapter 3. Following PμCP of a PEG functionalized surface, different proteins can be run 

through the different channels and ‘backfill’ between PEG patterns to create a (bio) sensor 

functionalized with multiple proteins, all in one chip.  

 

Surfaces functionalized with Nickel patterns 
Nickel functionalization and patterning of glass surfaces has previously been carried out 

by Wu et al,10 which starts by pre-coating the glass surface with nitrilotriacetic acid (NTA) and 

subsequent μCP of Ni2+ ions (Fig. 8a). Through formation of metal coordination complexes 

(Fig. 6.8b), the Ni2+ ions transfer from PDMS stamp to the NTA surface and remain attached 

to the surface. The Ni2+ ions on the surface can then form further coordination complexes with 

His6-tagged molecules, which allowed us to use His6-Green Fluorescent Protein (GFP) to 

validate patterns of Nickel through fluorescence microscopy (Fig. 6.8c(i)).  

Static incubation of S. aureus bacteria was carried out on Ni2+ patterned glass slides 

which resulted in stable binding of cells over the whole surface (Fig. 6.8c(ii)). The nature of the 

S. aureus immobilization to Ni2+ ions could be caused by specific interactions with histidine 

rich proteins present on the bacterial cell surface, or aspecific physisorption through charge 

interactions. In the past, metal-coordination systems based on zinc/Zn2+-DPA have been used 

successfully for targeting bacterial infections.11,12 Therefore, the use of metal-coordination 

complexes based on Ni2+
 for immobilization of bacteria shows promise for further investigation. 
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Fig. 6.8: a) Scheme depicting the procedure for μCP of Ni2+ ions on an nitrilotriacetic acid (NTA) functionalized 
glass surface and interaction of S. aureus bacteria with the surface. b) Ni2+-NTA interaction with His6-tagged 
biomolecule. c) Fluorescence microscopy images of Ni patterned surface after validation with His6-GFP (i) and 
after 1 hr static incubation of 2x108 CFU/mL S. aureus bacteria (ii). Printed patterns in both images are 100 μm 
broad. 
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6.3 Feasibility for Implementation in Wastewater Treatment Plants 
 

The microfluidic setup used for flow experiments with particles and bacteria can be 

considered a starting point for testing the proof-of-principle for molecular targeting and 

subsequent immobilization of micron sized entities to functionalized surfaces. The surface 

functionalization, validation and small-scale binding experiments using modified platforms are 

necessary preliminary steps to determine the feasibility and efficiency of specific molecular 

recognition in bacteria removal from wastewater. The use of cyclodextrin and diadamantane 

functionalized UBI peptide also provides a promising aspect for potential implementation for 

wastewater treatment. In addition, analysis using microscopy during binding experiments 

functions as a very powerful tool to determine factors such as immobilization efficiency and 

specificity of binding. Such experiments generate a plethora of information for future work. 

However, direct implementation of the described modified planar surface to act as a specific 

filter for bacteria removal within a wastewater treatment plant is not efficient.  

Compared to large scale treatment of wastewater, relatively low flow rates (<1 mL/min) 

were used during particle and bacteria immobilization experiments in order to promote settling 

and ensure contact of the modified particle or bacterial cell surface with the modified glass 

surface. The effect of particle settling was confirmed in chapter 4 by analysis of particle 

trajectories within Comsol simulation experiments and carrying out inverted flow incubations 

by turning the flow cell holder and functionalized surface upside-down. The inverted flow 

incubation yielded less captured particles compared to the ‘regular’, upright flow incubation at 

similar flow rates, which experimentally shows that settling of particles significantly improves 

binding via host-guest interactions. In contrast, spherical surfaces such as silica beads are 

suspended in solution and could be promising for promoting contact of bacteria to molecular 

recognition sites on the surface. Application of the surface functionalization steps used on glass 

surfaces to spherical surfaces ranging from μm-mm size range, such as silica beads, can also be 

used to test bacteria removal efficiency from solution (Fig. 6.9). By functionalizing surfaces 

with β-CD groups, a versatile binding platform is created for which different types of targeting 

agents can be used, so long as adamantane or other groups are incorporated. The alternative 

surface functionalizations with lectins and heavy metals discussed in this chapter can also be 

applied to modifying larger spheres and scaled up to compare with cyclodextrin functionalized 

systems. Further steps would then include scaling up to larger experimental setups for treatment 

of wastewater, quantifying removal of pathogenic strains of bacteria through analysis of 
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effluent, comparing cost efficiency with other water purification techniques related to bacteria 

removal, etc.  Besides increasing the efficiency of bacteria removing filters within wastewater 

treatment, a problem that should not be overlooked is fouling. Cyclodextrin covered surfaces, 

as noticed from bacterial binding experiments carried out in chapter 5, are quite susceptible to 

undesired interactions with non-targeted bacteria. Functionalizing the bacteria surface with 

adamantane groups prevented interactions of bacteria with the spacing, improving the ratio of 

bacteria adhered to patterns compared to spacing. Interestingly, there was no significant 

improvement in the amount of bacteria attached to the cyclodextrin patterns compared to the 

control. It is therefore expected that fouling of other bacteria, microorganisms or (in)organic 

material is very likely when using cyclodextrin functionalized beads for wastewater treatment.  

Problems with fouling are, of course, quite common within water purification systems. 

Aselective interactions of filters with organic material are the main contributing factor to 

fouling in wastewater treatment. Many membrane-based filters suffer from fouling, which 

increases operation and maintenance costs.13 Solutions to decrease the effects of fouling have 

Fig. 6.9: Scheme showing implementation of species-specific removal of micron sized entities using molecular 
recognition targeting techniques through a) primary pre-targeting of species or b) pre-functionalization of the mm 
sized beads with targeting agents As an outlook toward scaling up targeting technology, different targeting agents 
can be implemented depending on the type of species to be removed through using host-guest interactions with 
versatile β-CD functionality on modified surfaces. 
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been researched, such as applying salt based cleaning solutions to remove fouling layer from a 

membrane,14 coating the membrane surface with chitosan solution,15 and use of electric fields.16 

Rinsing of cyclodextrin surfaces after bacteria immobilization using cleaning solutions with 

high salt concentration, or certain buffers with more acidic or basic pH, might remove non-

targeted bacteria while leaving supramolecularly immobilized bacteria on the surface. 

However, the results with UBI-Ad2 peptide pre-functionalized on a cyclodextrin patterned 

surface showed a high binding specificity of bacteria for patterns and high selectivity for S. 

aureus. In this case, combining the versatility of the cyclodextrin functionality and pre-

functionalization of a desired specific targeting agent (Fig. 6.9b), could be promising for 

selective bacteria removal applications in wastewater treatment. This avoids direct exposure of 

cyclodextrin units to (in)organic material in wastewater, which could reduce fouling. 

With the rise of antibiotic resistance within bacteria, research into the selective isolation 

of antibiotic resistant bacteria (ARB) is also an important topic.17,18 Selective targeting of ARB 

is a quite challenging, as antibiotic resistance is encoded within the bacterial DNA, which is 

inside the cell and therefore more difficult to target. For example, bacteriophages have been 

used for transfecting ARB with CRISPR-Cas delivery or suppressing the SOS DNA repair 

system to sensitize ARB to antibiotics.19,20 However, phage delivery generally requires long 

incubation times, usually overnight, in order to sensitize ARB for antibiotics, which is too 

lengthy for wastewater treatment. Moreover, addition of bacteriophages and antibiotics to 

bacteria is not preferential for water purification applications. Selective targeting of ARB via 

receptors on the cell surface using targeting agents is also not straightforward, as it is difficult 

to discriminate ARB from general bacteria based on the cell surface composition. In addition, 

ARB generally protect themselves through hindering attachment of molecules on binding 

domains. By analyzing S. aureus and E. coli, we studied bacteria binding of two well-known 

species, which are also commonly antibiotic resistant. Most S. aureus strains are resistant to β-

lactam antibiotics, known as methicillin resistant S. aureus (MRSA), and E. coli bacteria are 

also receiving attention lately within food safety due to the emergence of extended-spectrum β-

lactamase (ESBL) producing E. coli. As selective targeting of antibiotic resistant strains is 

difficult, an easier goal would be to design filters which selectively targets only Gram-positive 

or Gram-negative strains. In combination with a proper diagnosis of wastewater in a certain 

region, the bacteria with the highest amount of antibiotic strains can be identified and targeted.  
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6.4 Summarizing Main Concluding Remarks 

 
 Supramolecular chemistry is a versatile tool, one which can also be applied for bridging 

the nano- and microscale as shown with the species-specific immobilization of microsized 

entities such as microplastics and bacteria on cyclodextrin functionalized surfaces. 

Multivalency is the key aspect to achieving immobilization over this length scale and through 

the reversible non-covalent character of host-guest interactions, a supramolecular catch-and-

release mechanism is presented for (model) particle immobilization in this thesis. Considering 

these advantages, the prospect for implementation of supramolecular chemistry in wastewater 

treatment for pathogens is promising, especially after carrying out future work in follow-up 

projects. 

 Within this thesis, we also show how that the fabrication of functionalized (bio) sensors 

within microfluidic devices can be powerful within analytical studies, for use in a plethora of 

applications within e.g. lab- or organ-a-chip type studies. The concept of using patterns of 

functionalized molecules on surfaces allows for both experimental control and proper 

qualification of analytes, ranging from molecules to particles to bacteria.  
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Chapter 7 

Summary 

 

 

 

 

 

 

 

 

 

 

This chapter summarizes the main findings and outcomes of this thesis. 
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 Chapter 1 of this thesis introduces the main goals and concepts used for developing a 

platform for the potential selective capture of bacteria from wastewater. The increase in 

prevalence of pathogenic bacteria within wastewater streams coupled with antibiotic resistance 

development of certain bacterial species provided the motivation for developing selective 

targeting technology. The initial goals of the thesis project were listed as: immobilizing bacteria 

at high binding affinity to ensure quick capturing, reversibility of binding and subsequent re-

usability of developed platforms, and achieving specificity. To approach these goals, 

supramolecular host-guest chemistry was used for testing on-flow immobilization of model 

microparticles and bacteria to β-cyclodextrin (β-CD) units functionalized on glass surfaces. 

Patterns of β-CD were created on functionalized surfaces as experimental control for binding 

experiments with molecules, particles and bacteria, which were all studied using fluorescence 

microscopy.  

 In Chapter 2, a novel methodology for creating patterns of covalently functionalized 

molecules on glass surfaces based on plasma etching is presented. Within the development of 

molecular sensors, (fluorescence) microscopy can be used for studying monolayer assembly, 

for which spatial control of the surface modification improves validation within one-single field 

of view. Microcontact printing (µCP) is a cheap, open-technology that has been used frequently 

for patterning surfaces by ‘inking’ elastomeric polydimethylsiloxane (PDMS) stamps with a 

solution of the desired molecular sensor and ‘stamping’ a glass surface to create patterns based 

on relief features of the PDMS stamp. However, it can require a lengthy troubleshooting period, 

due to issues such as PDMS solvent compatibility and unwanted lateral spreading of inks during 

the printing process. Therefore, we investigated an alternative methodology for pattern creation 

known as plasma microcontact patterning (PµCP), which works by placing a patterned PDMS 

stamp on a modified surface, and subjecting the surface to plasma etching. The PDMS stamp, 

instead of printing an inking solution, now acts as a mask to control the exposure of the 

chemically modified surface to the plasma, which removes organic molecules at non-protected 

areas of the surface. To showcase the flexibility of the methodology, pattern creation via PµCP 

was studied at different steps in the β-CD glass surface functionalization protocol and visualized 

through addition of a diadamantane modified Cy5 (Cy5-Ad2). Cy5-Ad2 is immobilized on β-

CD groups through divalent host-guest interactions and fluorescent patterns were then validated 

via fluorescence microscopy, which indicated successful pattern creation. We also managed to 

fabricate sub-10 µm features through using ‘cross’-PµCP, in which the PDMS stamp was 

rotated between plasma treatments to remove more of the surface functionalization. In 
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conclusion, we believe that PµCP can open the concept of micropatterning surfaces through its 

reproducibility and ease of use.  

 Creating patterns of β-CD on glass surfaces via PµCP was combined with microfluidic 

channel fabrication through replica molding in Chapter 3. Replica molding, as ideated by G.M. 

Whitesides, is the fabrication of PDMS/glass hybrid microfluidic devices through plasma 

bonding of a PDMS replica containing micro-sized grooves to a glass surface. PDMS replica 

and glass surface are both plasma treated and brought into conformal contact with each other, 

forming a PDMS microchannel over the glass surface and sealing the microfluidic device 

through covalent bond formation. Importantly, plasma activating PDMS and glass yields silanol 

groups on both surfaces, which react to form silyl ethers when in conformal contact with each 

other. PµCP treatment of chemically modified glass surfaces creates patterns of the desired 

functionality, with silanol groups between patterns and outside of the protected region on the 

glass surface. This allows for attaching a plasma activated PDMS microchannel to PµCP treated 

glass surfaces via covalent reactions between the silanol groups. Based on this utility, we were 

able to fabricate PDMS/glass hybrid microfluidic devices with patterns of β-CD on the glass 

surface covered with a PDMS microchannel. The microfluidic devices were validated by 

flowing a solution of Cy5-Ad2 through channels and analyzed through fluorescence 

microscopy. Host-guest interactions between β-CD units on the surface and Cy5-Ad2 were also 

reversible through washing with a competing agent, allowing for re-usability of the microfluidic 

devices. In addition, we also carried out analysis of different concentrations of Cy5-Ad2 on one 

microfluidic device by using a glass surface with β-CD patterns sealed with multiple 

microchannels. These results showed a clear increase of fluorescence intensity on the 

microscope with higher concentrations of Cy5-Ad2. All in all, combining PµCP on glass 

surfaces and plasma bonding PDMS replicas with micro-sized grooves provides a universal 

methodology to fabricate versatile microfluidic devices for (bio)sensing applications.  

 In Chapter 4, β-CD patterned surfaces were used for the on-flow immobilization of 

adamantane-functionalized polystyrene (PS-Ad) microparticles as a model for bacterial cells. 

In  chapters 2 and 3, the nanometer sized Cy5-Ad2 was immobilized successfully via divalent 

host-guest interactions with β-CD units on surfaces. Therefore, with an outlook toward 

immobilizing bacteria, PS-Ad microparticles were used as a model system to test the feasibility 

of using supramolecular host-guest chemistry for capturing micro-sized constructs. PS particles 

were modified with different degrees of Ad and glass surfaces were patterned with β-CD 

through µCP and backfilling with polyethylene glycol (PEG). The different Ad loading degrees 
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on the PS particle surface was confirmed through 1H NMR spectroscopy, which was used to 

measure the concentration of unreacted Ad-amine in the PS particle supernatant after coupling 

reactions. Subsequently, PS-Ad particles with the highest degree of Ad loading were flowed 

over β-CD along patterned glass surfaces along with non-functionalized PS particles at different 

speeds to study the effect of flow rate on particle capturing density. Clear binding of PS-Ad 

particles to patterns of β-CD was shown in contrast to the control. The results also showed an 

optimum capturing density at a flow rate of 2.5 µL/min, and a decrease in particle capturing 

when flow rates were increased. However, lower flow rates than 2.5 µL/min also resulted in 

lower particle capturing density which was caused by settling of particles before reaching the 

β-CD patterned area within the microfluidic flow channel. The obtained binding profile was 

also confirmed through Comsol simulations, which clearly demonstrated the significant effect 

of particle settling in capturing microparticles. Flow experiments were then carried out with 

different Ad loading on PS particles which showed that higher Ad loading on PS particles also 

increased the particle capturing efficiency on β-CD patterned surfaces, underpinning the effect 

of multivalency. Moreover, we showed that modified β-CD surfaces can be re-used for particle 

immobilization after removing bound particles. The recyclability provides a positive outlook 

for incorporation within water purification systems.  

 By using  microfluidic devices from Chapter 3, bacterial cell immobilization on the β-

CD modified surface applying an intermediary targeting agent was tested in Chapter 5. 

Staphylococcus (S.) aureus and Escherichia (E.) coli were used as models for Gram-positive 

and Gram-negative bacteria and targeting was carried out through using a bacterial membrane 

adhering ubiquicin segment modified with two adamantane groups (UBI-Ad2). Therefore, 

successful targeting of bacteria with UBI-Ad2  can be validated through supramolecular 

immobilization on β-CD patterns within microfluidic channels. After pre-targeting both 

bacteria with UBI-Ad2, Ad-functionalized bacteria and unaltered bacteria (control) were flowed 

over patterns of β-CD. Results showed that UBI-Ad2 targeted bacteria mainly immobilized on 

β-CD patterns and unaltered bacteria attached to both patterns and spacing on the glass surface. 

However, the bacterial capturing efficiency was not increased through using host-guest 

interactions, while specificity for β-CD patterns was higher for targeted bacteria. This suggests 

that pre-targeting bacterial cells with UBI-Ad2 blocks potential background interactions with 

spacing between β-CD patterns. We also noticed from results that a higher amount of S. aureus 

bacteria adhered to functionalized glass surfaces compared to E. coli, which could be related to 

E. coli membrane components such as pili and flagella that generally block any type of 
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interaction with surfaces. Next, β-CD surfaces were pre-functionalized with UBI-Ad2 and 

subjected to a flow of unaltered bacteria. Again, an increased specificity of bacteria for patterns 

was also observed in this situation, which is strange considering control experiments with 

unaltered bacteria resulted in bacteria attaching over the whole surface. Pre-functionalizing 

UBI-Ad2 on β-CD glass surfaces resulted in a significantly higher amount of S. aureus than E. 

coli. It was also observed S. aureus immobilization on UBI functionalized surfaces was higher 

and more specific to patterns compared to β-CD functionalized surfaces (control), which can 

be seen as a positive outlook for further research into improving Gram-positive bacteria 

immobilization. Furthermore, it can be concluded from this chapter that β-CD patterned 

microfluidic devices are versatile systems to use for specific sensing applications. Targeting 

agents can be easily interchanged on the β-CD functionalized platforms as long as they are 

modified with guest molecules such as adamantane.  

 Chapter 6 provides a general discussion on the most important experimental outcomes 

of the thesis and shows results of some other experimental work that was carried out throughout 

the project. An outlook and suggestions are given for future research lines, especially toward 

the goal of implementing chemically modified platforms for large-scale, specific removal of 

bacteria from wastewater.    
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