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Abstract   

 

In bacterial biofilms, collective functions arise from the social interactions and spatial 

organization of bacteria. Controlling bacterial adhesion as key steps in biofilm formation with 

high spatial and temporal precision is essential for controlling the formation, organization and 

microstructure of biofilms. Light as a trigger provides unique advantages to dynamically 

manipulate bacterial interactions, including high spatiotemporal resolution and non-invasive, 

biocompatible and tunability remote control. 

In this thesis, different methods to control bacterial adhesions using light have been 

developed to control biofilm formation with high spatiotemporal precision and to study how 

the spatial organization of bacteria influences their collective functions. In chapter 2, I 

developed a method named bacterial photolithography that allows photopatterning biofilms 

with complicated geometries. In bacterial lithography, α-D-mannoside, which is recognized 

by the FimH surface receptor of Escherichia coli (E.coli), was linked to a non-adhesive 

poly(ethylene glycol) (PEG) surface through a photocleavable 2-nitrobenzyl linker. When a 

pattern of UV light in a desired shape was projected onto these surfaces, the light-exposed 

areas become non-adhesive and bacteria only adhered to the unexposed areas in the 

photopattern. This approach enabled bacterial patterning with high spatial resolution down to 

10 µm without mechanical interference and the investigation of how microscale spatial 

organization affects collective bacterial interactions such as quorum sensing.  

In the following chapters photoswitchable proteins were used to control bacterial adhesions 

in an optogenetic approach. In particular, the protein pair nMag and pMag, which 

heterodimerizes under blue light and dissociates from each other in the dark were used as 

optogenetic building blocks. In chapter 3, I engineered bacteria to adhere specifically to 

substrates with high spatiotemporal control under blue light, but not in the dark, by using the 

nMag and pMag proteins as adhesins. For this, I expressed pMag proteins on the surface of 

E.coli so that these bacteria adhered to substrates with immobilized nMag protein under blue 

light. These adhesions were reversible in the dark and could be repeatedly turned on and off.  
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Further, the number of bacteria that adhered to the substrate as well as their attachment and 

detachment kinetics were adjustable by using different point mutants of pMag and altering 

light intensities. Overall, this approach overcomes the problem of using UV light for 

photoregulation and chemically modifying the bacteria surface. 

Multi-bacterial communities are of fundamental importance and have great biotechnological 

potentials. However, controlling the assembly and organization of multicellular structures 

and therefore their function remains challenging. In chapter 4, I developed the first 

photoswitchable bacteria-bacteria adhesions and used these to regulate multicellularity and 

associated bacterial behavior. For this purpose, the proteins nMag and pMag were expressed 

on bacterial surfaces as adhesins. This allowed to trigger the assembly of multicellular 

clusters under blue light and reversibly disassemble them in the dark. These photoswitchable 

adhesions made it possible to regulate collective bacterial functions using light including 

aggregation, quorum sensing, biofilm formation and metabolic cross-feeding between 

auxotrophic bacteria.  

In a summary, light-responsive bacteria-surface and bacteria-bacteria adhesions allow 

controlling them with high spatiotemporal precision. While in a chemical approach bacterial 

lithography was used to pattern stable biofilms through irreversible light response, the 

photoswitchable proteins implemented in an optogenetic approach provide reversible and 

dynamic control over bacterial adhesions. All these tools open new possibilities for 

engineering multicellular communities, understand fundamental bacterial behavior in 

biofilms and design biofilms with new functions for biotechnological applications. 
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Zusammenfassung  

In bakteriellen Biofilmen entstehen kollektive Funktionen durch soziale Interaktionen und 

räumliche Organisation von Bakterien. Die Kontrolle der Bakterienadhäsion als 

Schlüsselschritte bei der Bildung von Biofilmen mit hoher räumlicher und zeitlicher 

Präzision ist für die Kontrolle der Bildung, Organisation und Mikrostruktur von Biofilmen 

unerlässlich. Licht als Auslöser bietet einzigartige Vorteile für die dynamische Manipulation 

bakterieller Interaktionen, einschließlich einer hohen räumlich-zeitlichen Auflösung und 

einer nicht-invasiven, biokompatiblen und abstimmbaren Fernbedienung. 

In dieser Arbeit wurden verschiedene Methoden zur Kontrolle von Bakterienadhäsionen 

unter Verwendung von Licht entwickelt, um die Bildung von Biofilmen mit hoher räumlich-

zeitlicher Präzision zu kontrollieren und zu untersuchen, wie die räumliche Organisation von 

Bakterien ihre kollektiven Funktionen beeinflusst. In Kapitel 2 habe ich eine Methode der 

bakteriellen Fotolithografie entwickelt, mit der Biofilme mit komplizierten Geometrien 

fotostrukturiert werden können. In der Bakterienlithographie wurde α-D-Mannoside, das vom 

FimH-Oberflächenrezeptor von Escherichia coli (E. coli) erkannt wird, über einen 

photospaltbaren 2-Nitrobenzyl-Linker an eine nichtklebende Polyethylenglykol (PEG) -

Oberfläche gebunden. Wenn ein Muster von UV-Licht in einer gewünschten Form auf diese 

Oberflächen projiziert wurde, werden die belichteten Bereiche nicht-haftend und Bakterien 

haften nur an den unbelichteten Bereichen in dem Fotomuster. Dieser Ansatz ermöglichte die 

Strukturierung von Bakterien mit einer hohen räumlichen Auflösung von bis zu 10 µm ohne 

mechanische Interferenz und die Untersuchung, wie sich die mikroskalige räumliche 

Organisation auf kollektive bakterielle Interaktionen wie Quorum Sensing auswirkt. 

In den folgenden Kapiteln wurden photoschaltbare Proteine verwendet, um bakterielle 

Adhäsionen in einem optogenetischen Ansatz zu kontrollieren. Als optogenetische Bausteine 

dienten insbesondere das unter Blaulicht heterodimerisierende und im Dunkeln voneinander 

dissoziierende Proteinpaar nMag und pMag. In Kapitel 3 habe ich Bakterien so konstruiert, 

dass sie spezifisch an Substraten mit hoher räumlicher und zeitlicher Kontrolle unter blauem 

Licht, jedoch nicht im Dunkeln, haften, indem ich die nMag- und pMag-Proteine als 

Adhäsine verwendete. Dazu habe ich pMag-Proteine auf der Oberfläche von E. coli 
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exprimiert, so dass diese Bakterien mit immobilisiertem nMag-Protein unter blauem Licht an 

Substraten hafteten. Diese Adhäsionen waren im Dunkeln reversibel und konnten wiederholt 

ein- und ausgeschaltet werden. Die Anzahl der Bakterien, die an dem Substrat anhafteten, 

sowie ihre Anheftungs- und Ablösekinetik waren durch Verwendung verschiedener 

Punktmutanten von pMag und durch Veränderung der Lichtintensität einstellbar. Insgesamt 

überwindet dieser Ansatz das Problem der Verwendung von UV-Licht zur Photoregulierung 

und chemischen Modifizierung der Bakterienoberfläche. 

Multibakterielle Gemeinschaften sind von grundlegender Bedeutung und verfügen über ein 

großes biotechnologisches Potenzial. Die Kontrolle des Aufbaus und der Organisation 

mehrzelliger Strukturen und damit ihrer Funktion bleibt jedoch eine Herausforderung. In 

Kapitel 4 habe ich die ersten photoschaltbaren Bakterien-Bakterien-Adhäsionen entwickelt 

und diese verwendet, um die Mehrzelligkeit und das damit verbundene Bakterienverhalten zu 

regulieren. Zu diesem Zweck wurden die Proteine nMag und pMag als Adhäsine auf 

Bakterienoberflächen exprimiert. Dies ermöglichte es, die Anordnung von mehrzelligen 

Clustern unter blauem Licht auszulösen und diese im Dunkeln reversibel zu zerlegen. Diese 

photoschaltbaren Adhäsionen ermöglichten die Regulierung kollektiver Bakterienfunktionen 

unter Verwendung von Licht, einschließlich Aggregation, Quorum Sensing, Biofilmbildung 

und metabolischer Kreuzfütterung zwischen auxotrophen Bakterien. 

Zusammenfassend lässt sich sagen, dass lichtempfindliche Bakterienoberflächen- und 

Bakterien-Bakterien-Adhäsionen es ermöglichen, sie mit hoher räumlich-zeitlicher Präzision 

zu kontrollieren. Während in einem chemischen Ansatz Bakterienlithographie verwendet 

wurde, um stabile Biofilme durch irreversible Lichtantwort zu strukturieren, stellen die in 

einem optogenetischen Ansatz implementierten photoschaltbaren Proteine eine reversible und 

dynamische Kontrolle über Bakterienadhäsionen bereit. Alle diese Werkzeuge eröffnen neue 

Möglichkeiten für die Entwicklung von mehrzelligen Gemeinschaften, das Verständnis des 

grundlegenden Bakterienverhaltens in Biofilmen und das Design von Biofilmen mit neuen 

Funktionen für biotechnologische Anwendungen. 
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Chapter 1. Introduction  

1.1 Bacterial biofilms 

Bacteria in nature usually do not only exist as free-floating cells but predominantly live in a 

biofilm.1 From bacteria’s point of view, they are exposed to environments with rapid and 

frequent changes. The biofilm is a survival strategy of bacteria to stabilize the local 

environment of cells and overcome the stresses in adverse conditions.  

The discovery of biofilms dates back to the year 1684 when Antonie Van Leeuwenhoek, the 

inventor of the microscope, first observed the accumulation of microorganism (now known as 

biofilms) in dental plaque from his own teeth.2 Actually, biofilms are omnipresent, not just on 

teeth. However, it was not until the late decades of the 20th century that the study of biofilms 

began to be a serious and important scientific topic. With the help of developed technology 

such as molecular biology and electron microscopy, scientists could effectively study 

microbial communities and began to understand the significance of biofilms. Bill Costerton is 

recognized as the founding father of the field of biofilms for the pioneered development of 

the biofilm theory.3 In 1978, he stated that most bacteria grew in a glycocalyx-enclosed 

biofilm that adhered to surfaces or to other cells and that these sessile bacterial populations 

become predominant in natural, industrial and medical ecosystems.4 Moreover, the cells in 

biofilms are physiologically different from the free-floating planktonic cells.  

Biofilms are defined as “aggregates of microorganisms in which cells are frequently 

embedded in a self-produced matrix of extracellular polymeric substances (EPS) that are 

adherent to each other and/or a surface”.6 EPS are a complex mixture of polysaccharides, 

proteins, lipid and extracellular DNA secreted by bacteria and occupy both periphery of the 

biofilm and the interior space between the bacteria aggregates.7 In an analogy if the biofilm is 

called a “city of microbes”,8 EPS would be the “house of biofilm cells”,9 providing structural 

stability, mechanical strength, cohesion and adhesion, and other biological functions as a 

highly hydrated gel matrix.7, 9, 10 In biofilms, bacteria interact as a coordinated functional 

community in order to share nutrients and resist environmental stress such as antibiotics.11 
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Biofilms can form on different surfaces including living tissues, implanted medical devices, 

and industrial water systems. The variable nature of biofilms can be shown by fluorescence 

microscopy images of biofilms on a surface in a water system (Figure 1.1).5 

 

Figure 1.1 Fluorescence microscopy images of biofilms on a stainless steel surface in a 

laboratory potable water system. Bacteria were stained with 4, 6-diamidino-2-phenylindole 

(DAPI).5 Scale bar is 20 µm. Adapted with permission from Ref. 5. Copyright 2002 

Emerging Infectious Diseases journal. 

1.1.1 The impact of biofilms: Detrimental and beneficial aspects   

In 1978 Bill Costerton proposed the biofilm theory and reported that chronic infections in 

patients with implanted medical devices were caused by bacterial biofilm formation and 

bacteria within biofilms were resistant to antibiotic therapies and immune host defenses. 

Since then there was an increasing awareness of the importance of biofilms study. A better 

understanding of their specific properties will enable the development of effective strategies 

for treatment.12 The National Institutes of Health (NIH) estimates that 80% of infectious 

diseases worldwide are caused by biofilms.13 Biofilms cause severe infections in hospitalized 

patients. In the United States, nosocomial (hospital-acquired) infections are reported to be the 

leading cause of death with 1.7 million cases annually, leading to extra costs of up to $4.5 
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billion each year.14, 15 The formation of biofilms on medical devices, such as indwelling 

catheters and wound dressings,16 is the major reason for these infections. Biofilms are also 

likely to form on many household surfaces such as toilets, fridges, sinks, and kitchen. 

Formation of the pathogenic biofilms in the household environment increases the incidence 

of illnesses. It is usually difficult to get rid of the infections associated with the biofilm. The 

reason for this is mostly because mature biofilms are resistant to antibiotics and the host 

immune response. Within biofilms, bacteria are up to 1000-fold more tolerant to antibacterial 

agents than the same cells in the planktonic form. Therefore, the treatment of infectious 

diseases with currently available antibiotics cannot work effectively due to the interference 

from the biofilm formation.  

Biofilms are also the reasons for contamination, corrosion and biofouling in industry, 

especially the food-processing and water-based process. In the food industry, biofilms have 

become problematic due to the ability to form on plants and during industrial processes of 

food production. Biofilm formation on the food product or the product contact surfaces leads 

to serious food safety problems.17 Moreover, biofilms cause over a billion dollars' worth of 

damage every year in industrial settings, affecting companies' abilities to manufacture their 

products efficiently. They can affect installations and equipment in the industrial landscape, 

causing corrosion, bio-deterioration, energy loss, reduced heat transfer and product 

contamination.18  

However, biofilms can also be used for beneficial purposes. For example, biofilms are widely 

used in the treatment of drinking water and wastewater.19 In the natural environment, biofilms 

play an important role in the breakdown of organic wastes by adsorbing waste from water 

and removing or neutralizing contaminants in soil. As a result, biofilms are used to purify 

water in water treatment plants and to detoxify contaminated areas of the environment. 

Biofilms have been used successfully in water and wastewater treatment for over a century. 

The water-cleaning systems were developed by taking advantages of natural biofilm 

environmental activity and the first sand filter treatment methods for both water and 

wastewater were developed in the 1860s. In these filtration systems, the surfaces of the filter 
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media act as a support for biofilms formation and the organic matter in the water is used by 

biofilms as a carbon source. Biofilm-treated water requires less disinfectant and therefore 

fewer disinfection byproducts form.7  

The applications of microbial communities are greatly expanded due to the improved 

understanding of natural microbial ecosystems and the development of new tools to construct 

synthetic bacterial consortia. The synthetic biologists have developed engineered microbial 

consortia for diverse applications, such as the bioproduction of drugs and other valuable 

compounds.20 For example, E. coli and S. cerevisiae in a consortium can be used to produce 

precursors of the anti-cancer drug paclitaxel. In this consortium, E. coli are engineered to 

overproduce taxadiene, the scaffold molecule of paclitaxel, while S. cerevisiae are used as a 

host for expressing cytochrome P450s (CYPs) to functionalize taxadiene through multiple 

oxidation reactions. Therefore, the coculture of these two engineered organisms is essential 

for the overall production of the drug.21-23  

Due to the significant impacts of biofilm, there are increasing interests in the understanding 

of biofilm formation and developing approaches for biofilm control. The understanding of 

biofilm formation, structure and properties, communication and metabolic interactions will 

lead to the promotion of beneficial uses and controlling the harmful impacts.  

1.1.2 Biofilm formation and development 

Biofilms formation on the surfaces and their development can be divided into five stages 

(Figure 1.2). These are (1) initial attachment of free-floating planktonic bacteria to a surface, 

(2) irreversible attachment, (3) initial maturation, (4) maturation of biofilm architecture, (5) 

dispersion.3 In the stage of dispersion, detached cells return to the planktonic mode of growth, 

thus closing the life cycle of biofilm development.  
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Figure 1.2 The schematic shows a conceptual model of biofilm formation as a five-stage 

developmental process. Stage 1: initial attachment. Stage 2: irreversible attachment. Stage 3: 

initial maturation. Stage 4: maturation. Stage 5: dispersion.3 Adapted with permission from 

Ref. 3. Copyright 2014 Springer Nature.  

Initial attachment. Biofilm formation begins with the initial attachment of free-floating 

planktonic bacteria to a surface, which is usually based on physical attachments including 

hydrogen bonds, hydrophobic interactions, van der Waals forces, and electrostatic 

interactions.24 The individual adherent cells on a surface are capable of independent 

movement such as twitching or gliding which is mediated by pilus. Many of these adherent 

cells may actually detach from the surface and return to the planktonic lifestyle if perturbed 

by hydrodynamic forces, repulsive forces or in response to nutrient availability.25-27 Therefore, 

the initial attachment is reversible. 

Irreversible attachment. After initial attachment to a surface, bacteria must maintain the 

adhesion and grow in order to develop a mature biofilm. They begin to secret 

exopolysaccharide, form cell groups and adhere irreversibly. This transition from reversible 

to irreversible attachment was firstly reported by Zobel in 1943. The presence of extracellular 

matrix improves the interaction of the cells with the surface and induces a permanent cell-

surface bonding. The formation of cell aggregates and microcolonies has also been suggested 
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as the mechanism for inducing irreversible and permanent attachment at a surface. In this 

stage, rapid colonization at a new site on the surface is possible due to the bacterial twitching 

motility, which is mediated by type IV pili located on the cell surface and used for propelling 

bacteria across a surface.28, 29 O’Toole et al. suggested that the formation of microcolonies by 

bacteria interactions at a surface helps to strengthen the attachment.30 Gerke et al. showed 

that the formation of microcolonies was induced by a polysaccharide intercellular adhesin 

which was produced by the adherent cells to bond the cells together.31 

Maturation. In the maturation stages, many porous layers and water channels through the 

biofilm are developed for cells to access essential nutrients.32 Many cells alter their 

physiological processes and gene expression in response to conditions in their particular 

surrounding such as surface contact triggers.33 The secretion of EPS is stimulated by the 

chemical communication between cells and the best-characterized cell-to-cell communication 

system is quorum sensing (QS). QS also regulates bacteria behavior and cellular functions 

such as motility, which in turn could have an impact on biofilm structure. As cells replicate 

and the EPS accumulates, biofilms develop into three dimensional (3D) structures which are 

supported by EPS, allowing the transport of nutrients and removal of wastes. Additional 

studies showed that cellulose, polyglucosamine (PGA) and colanic acid contribute to biofilm 

architecture.34, 35 

Dispersion. In the final stage of biofilm development, bacterial cells may detach from the 

biofilm colony and return to the environment, which enables the spreading and colonization 

at new sites. Enzymes such as dispersin B can degrade the biofilm extracellular matrix and 

release the cells from the mature biofilm.36 The possible reasons for the biofilm dispersion 

are the limited nutrients present at the original sites or the physical effects such as fluid shear 

force.37 The detached bacterial cells may adhere to a new surface with a plenty of nutrients 

and grow into a new biofilm. Overall, biofilm dispersion plays an important role in the self-

renewal of bacterial communities and is an essential process for the biofilm life cycle.  
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1.1.3 Structure and property 

Mature biofilms have complex structures with defined architectures that provide the essential 

living conditions for cells. Many porous layers with water channels exist in biofilms, 

allowing the cells in the entre of the colony to access nutrients and remove the wastes. The 

structures of water channels act as a circulatory system for the delivery of nutrients and 

wastes by diffusion and contribute to the development of biofilms.38, 39  

EPS are considered as the primary matrix material of biofilms and the key determinant for 

the material properties of biofilms. The production of EPS is affected by the nutrients supply 

and bacterial growth. The EPS synthesis is improved when there are excess available carbon 

and limited nitrogen, potassium, or phosphate. EPS production can also be enhanced when 

bacterial growth is very slow. The physicochemical properties of EPS may vary in different 

biofilms but the primary components of EPS are polysaccharides. Some gram-positive 

bacteria such as the staphylococci have the cationic EPS polysaccharides. While for gram-

negative bacteria, these EPS polysaccharides are primarily neutral or polyanionic. 

Additionally, EPS have the ability to incorporate water into the biofilm structure via 

hydrogen bonding due to that EPS are highly hydrated. It appears that the EPS determine b 

the structure and thereby cohesive strength of biofilms. The backbone structures of biofilms 

that contain 1, 3 - or 1, 4 - β - linked hexose residues are more rigid, less deformable and 

insoluble. Furthermore, EPS act as a protection to the bacterial cells living in biofilms. It has 

be reported protective EPS (alginate) can protect mucoid P. aeruginosa FRD1 biofilm cells 

from exposure to ultraviolet radiation.40 EPS may also contribute to the antimicrobial 

resistance properties of biofilms by preventing the transfer of antibiotics through the 

biofilm.41  

The structure of biofilms are also affected by the environmental factors. In an aqueous 

environment, shear forces from the passage of fluid over the biofilms shape the 

microcolonies into different morphologies within biofilms.42, 43 
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1.1.4 Quorum sensing 

Cell-to-cell communication is a main ingredient of biofilm formation. Bacteria within 

biofilms interact with each other and function as a group for coordinated activities. Bacteria 

that have aggregated into biofilms can chemically communicate through quorum sensing, 

which was first reported and described in Vibrio fischeri (the marine bioluminescent bacteria) 

Bacteria have the ability called quorum sensing to detect  the changes of cell population 

density and alter the gene regulation accordingly.41, 44  

Bacteria can produce and release chemical signal molecules called autoinducers that increase 

in concentration as a function of cell density. The detection of a minimal threshold 

stimulatory concentration of an autoinducer leads to an alteration in gene expression (Figure 

1.3). For example, the expression of genes for antibiotic resistance at high cell densities is 

activated through quorum sensing, providing protection for bacteria within biofilms.45, 46 The 

high cell concentrations in biofilms enclosed in a matrix allows for quorum sensing even in 

small microcolonies as the signaling compounds are be concentrated within the 

microcolonies and are not degraded. Quorum sensing also plays an important role in the 

regulation of metabolic interaction in biofilms and  influences community structure by 

enhancing encouraging the growth of beneficial species and inhibiting the growth of 

competitors.47 The functions that can be regulated by quorum sensing include 

bioluminescence, nitrogen fixation and sporulation.48, 49 
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Figure 1.3 Schematic illustration of quorum sensing. a) Bacterial cell has the ability to 

produce a signaling molecule called autoinducer and sense its extracellular concentration. b). 

Quorum sensing is dependent on cell density.46 Adapted with permission from Ref. 46. 

Copyright 2011 EMBO Press.  

1.1.5 Metabolic interactions   

 

Figure 1.4 a) Six distinct types of social interactions in a two-species population.50 Adapted 

with permission from Ref. 50. Copyright 2015 Springer Nature. b). Metabolic exchange 

between bacterial cells. Two bacteria require two metabolites (red and blue) for cell growths. 

Each organism is able to produce each metabolite. Metabolites are then used for both 

bacterial growth.51 Adapted with permission from Ref. 51. Copyright 2018 The Royal Society 

of Chemistry.  
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Bacteria in nature usually do not exist in isolation but in complex ecosystems. In order to 

survive and proliferate in such complex consortia, bacteria have developed diverse social 

interactions with their neighboring species. The social interactions of bacteria significantly 

affect the dynamics and functionality of an entire community by altering the physiology, gene 

expression, survival of individual cells and enabling the collective behaviors of populations. 

These interactions can have three types of outcomes: a positive impact (win, +), a negative 

impact (loss, -) and no impact (neutral, 0) on the bacterial species involved.52 For a simple 

ecosystem consisting of only two species, there are six possible distinct types of interaction 

through the possible combinations of the three outcomes, including neutralism (0, 0), 

commensalism (0, +), amensalism (0, -), competition (-, -), mutualism (+, +), and parasitism 

(-, +).50 (Figure 1.4a)  

Metabolic cross-feeding is one type of social interaction. Generally, there are two types of 

metabolic interactions: competition and cooperation. Due to the limited nutritional resources 

in most ecosystems, bacteria have to compete constantly for resources. The ability to compete 

for limiting nutrients can determine whether bacteria will be able to survive in a particular 

site.53, 54 Besides the competitive metabolic interactions, cooperative metabolic interactions 

which allow bacteria to get benefits from each other through metabolic, are more common 

among bacterial species.45, 55 Metabolic cross-feeding, also named syntrophy, is one type of 

cooperation in which bacteria exchange essential metabolites.56 Cross-feeding is an important 

process that governs the growth and composition of microbial ecosystems.57 Bacteria use 

metabolic exchanges as a strategy for group success58 and under nutrient-poor conditions 

complement each other’s biosynthetic capabilities.59 Previous studies have characterized the 

behavior of microbes in co-culture with naturally complementary metabolism60-62 where 

shared metabolites are hydrogen,62 acetate,61 amino acids,63 fixed nitrogen and glucose.64 For 

example, the presence of a bacterial species that actively produces beneficial molecules such 

as vitamins or amino acids allows both the producing bacteria and other species in the 

environment to use them and relaxes the metabolic burden on all species in the community.51 

(Figure 1.4b) Metabolic interactions are effected by the spatial structure of bacterial 
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community or biofilms, cost-effectiveness of biosynthesis, nutrients and diffusion.65, 66 For 

example, bacterial aggregation or biofilm formation improves the efficiency of the 

metabolites exchange and stimulates the metabolic processes. 67  

These principles observed in natural biofilms have also been implemented into genetically 

engineered bacteria for biotechnological applications.63, 68 For example, the introduction of 

genetic modifications into no-interacting bacterial cells could induce the persistent 

cooperation. Wenying Shou et al. constructed a synthetic synthetic cooperative system 

comprising a yeast pairs and each of them produce and offering the other strain an essential 

metabolite.63  An example of parasitic interactions developed by Frederick et al., 

constructed a synthetic predator-prey ecosystem consisting of two E. coli populations. 

The predator cells kill the prey by inducing expression of a killer protein in the prey, 

while the prey rescue the predators by eliciting expression of an antidote protein in the 

predator.68 Therefore, understanding principles that govern biofilms are not just important 

from the standpoint of scientific understanding but also have direct implications in 

biotechnology. 

1.2 Bacterial adhesion     

1.2.1 Bacteria-surface adhesion 

The biofilm formation begins from the adhesion of bacterial planktonic cells to the 

surface. Once a biofilm has formed, the bacteria are extremely resistant to treatment 

with antimicrobial agents and difficult to be removed. Therefore, controlling the initial 

bacterial adhesion to a surface is the most effective method to prevent the biofilm 

formation. Moreover, controllable bacterial adhesion allows bacterial cell patterning 

and engineered biofilm formation with the designed spatial organization, which are 

important for understanding social cell interactions and chemicals exchange within 

biofilms.  

The bacterial adhesion can be affected by multiple factors such as bacterial surface 

structures, physiochemical properties of the substrate, and environmental conditions.72 
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The most important factors influencing bacteria adhesion include surface charge, 

hydrophobicity, topography or roughness, and the exposed functional groups.73, 74  

In general, adhesion of bacteria is prevented on negatively charged surfaces, while it is 

promoted on positively charged surfaces.75 This is because most bacteria are 

negatively charged on cell surfaces. Positively charged polymer surfaces have been 

reported to be bactericidal because the positive charge can disrupt the bacterial 

membrane potential or damage the membrane structure.76, 77 Therefore, polycationic 

surfaces are often suggested to be efficient antibacterial coatings that bind and kill 

bacteria.78  

Surface hydrophobicity is another major component that influences the bacteria–

surface interaction. Hydrophobic interaction is one of the strongest noncovalent 

interactions in biological systems and plays a major role in bacterial adhesion to 

surfaces.79 The bacterial adhesion is also affected by the hydrophobicity of the 

bacterial cells. Bacteria with a more hydrophobic cell surface preferentially attach to 

hydrophobic surfaces and vice versa.80, 81 

Surface topography has also been found to substantially influence the interaction 

between bacteria and surfaces. Perera-Costa et al. investigated the effect of surface 

topography on bacterial adhesion by using the polydimethylsiloxane (PDMS) surfaces 

that contained microtopographic patterns in spatial organization.82 This study showed 

a significant reduction in bacterial adhesion (30-45%) on microstructured surfaces 

compared to the control. Another important parameter for bacterial adhesion on the 

topographic surfaces is the spatial distribution of structures and patterns, which is 

relative to bacterial size and shape. It has been reported that surfaces with topographic 

features much smaller than bacterial cells inhibit bacterial attachment due to the 

decreased contact area between bacteria and surfaces.83-85 On the contrary, for surfaces 

with topographic features that comparable with the bacterial size, more bacteria attach 

compared to smooth surfaces.86 This is because that the microscopic structure on the 

surface tends to increase the overall surface roughness and therefore enhances the 
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adhesion of bacteria to substrates as more surface area is provided for bacterial 

attachment.87, 88  

1.2.1.1 Controlling bacterial adhesion using surface chemistry 

Surface modification with functional groups presents an important strategy for 

controlling bacterial adhesion and the formation of biofilms. For example, 

poly(ethylene glycol) (PEG) has been widely used for surface modification as anti-

adhesive coatings cause it shows a great capacity to resist protein adsorption and cell 

adhesion.89 However, adhesive surfaces with bio-specific binding properties and 

minimized background interferences are required for the fundamental study of 

bacterial cell-cell communication and biofilm formation.  

1.2.1.1.1 Controlling bacterial adhesion by modifying the surface with native adhesion 

molecules 

To construct an adhesive surface for bacteria with the ability to form a robust, specific, 

irreversible adhesions, native adhesive molecules have been used as exposed 

functional groups on surfaces. During the initial attachment in the first stage of biofilm 

formation, bacteria employ specific cell surface receptors, called adhesins, that bind to 

the substrate through specific receptor ligands for the irreversible attachment.90, 91 

Bacterial adhesins serve as anchors and act as specific surface recognition molecules, 

allowing the binding to specific receptor molecules on host cells or target surfaces.92 

The best characterized bacterial adhesin is the FimH.93 FimH is an α-D-mannoside 

specific lectin located at the tips of adhesive organelles, called type 1 fimbriae.94 FimH 

lectin mediates binding to glycoproteins that have N-linked oligosaccharides 

presenting terminal mannose residues.95 This specific FimH based adhesin–

carbohydrate adhesion of bacteria to mannosylated surfaces has been used for many 

applications in the field of medicine. For example, carbohydrate microarrays have 

been used to detect pathogens and screen anti-adhesion therapeutics based on the 

carbohydrate binding specificities of bacteria.96-99  
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1.2.1.1.2 Controlling bacterial adhesion by engineering bacteria surface with adhesion 

molecules 

An alternative powerful approach to control bacterial adhesion is to engineer the bacterial 

surface with new adhesion molecules. The ability to modify the surfaces of bacteria cells with 

non-native molecules is vital to engineer bacterial communication, biofilm formation and cell 

behavior in synthetic biology.  

One effective strategy to add molecules to the bacterial cell membrane is called bacterial 

display, which uses genetic methods to fuse a protein or a peptide with a transmembrane 

protein. Sankaran et al. reported a novel method to control the specific, dynamic and 

reversible bacterial adhesion based on a supramolecular interaction between a peptide 

displayed on the bacterial surface and cucurbit[8]uril (CB[8]) They genetically modified E. 

coli such that a transmembrane protein displayed a CB[8]-binding motif at the bacterial 

surface. The binding of this motif to CB[8] and formation of intercellular complexes induce 

the bacterial aggregation within the solution in the presence of  CB[8] and specific adhesion 

to CB[8] modified surfaces. Furthermore, these adhesions can be chemically reversed using 

an excess of CB[8] as a competitor.100  

Another strategy is to introduce molecules to the bacterial cell surface through chemical 

ligation to membrane proteins or carbohydrates. For example, Elahipanah et al. introduced 

bio-orthogonal groups to engineer the surface of gram-negative bacteria cells by using a 

liposome fusion based method. These groups can subsequently be conjugated to a range of 

molecules for further studies on bacterial adhesion and controlling bacterial behavior.101 

1.2.1.2 Controlling bacterial adhesion with light 

Many stimuli-responsive methods have been proposed for the control of bacterial adhesion 

and for bacteria patterning. Among them, the light-responsive methods provide the highest 

spatial and temporal resolution, which is required to construct stable/viable biofilms with a 

high level of precision. This is particularly significant as the arrangement of bacteria with 

respect to each other at the micro scale defines the extent of their interaction in a biofilm as 



Chapter 1 
 

19 
 

described above. Additionally, light is a noninvasive trigger as it can be applied remotely 

without disturbing of other processes. In contrast, invasive triggers, such as chemicals, can 

have unpredictable side effects in the system by interacting with not only the targets but other 

biomolecules and do not provide the desired high spatiotemporal control. Moreover, it is easy 

to adjust the light intensity, illumination time and wavelengths to tune interactions and 

address different functionalities which respond to different colors of light independently. 

Therefore, the unique advantages of light make it particularly attractive as an external 

stimulus to regulate diverse biological processes.  

1.2.1.2.1 Controlling bacterial adhesion by modifying surfaces with light responsive 

molecules 

Azobenzene linkers, which undergo reversible trans to cis isomerization under UV 

light, have been used to reversible control bacterial adhesion to surfaces. Weber et al. 

showed that bacterial adhesion can be reversibly and photochemically controlled by 

functionalizing the surfaces with azobenzene linked α-D-mannoside (Figure 1.5). In 

this study, α-D-mannoside groups were attached on a gold surface through azobenzene 

linkers.103 The photoisomerization of the azobenzene moiety under UV light allowed 

altering the presentation of the attached mannose, which was recognized by the 

receptor FimH on the bacterial surfaces and mediated the adhesion. Upon UV-light 

illumination (365 nm), the bacterial adhesion was blocked due to the trans to cis 

isomerization of azobenzene and could be reestablished upon blue light 

illumination.104-106 
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Figure 1.5 Photoswitchable adhesion of type 1 fimbriated E. coli cells to the surface 

immobilized with α-D-mannoside ligands via the azobenzene linkers.101 Reproduced 

with permission from Ref. 101. Copyright 2014 WILEY-VCH Verlag GmbH & Co. 

KGaA. 

Nitrobenzyl groups have also been widely used as UV-light cleavable linkers in 

surface coating. To control cell-surface interactions, the nitrobenzyl group has been 

used to attach anti-adhesive PEG coatings as a linker to surfaces. Upon UV-light 

irradiation, the PEG coatings release and the surfaces become adhesive for cell 

adhesion.107 For example, mammalian cells have been patterned in confined and 

complex geometries using photocleavable 2-nitrobenzyl groups via projection 

exposure to UV light through a photomask.108 Similarly, these photocleavable groups 

have been used as a caging group on the backbone of RGD to block mammalian cell 

adhesion and to turn on cell adhesion upon illumination.109 Yet, analogous approaches 

are missing for bacterial cells.  

1.2.1.2.2 Optogenetic control of bacterial adhesion  

Recently, optogenetic methods have been developed to control bacterial adhesion and 

patterning using light with unique advantages including high spatiotemporal control, 
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tunability and non-invasive remote regulation. These optogenetic approaches use light 

controlled protein activity and genetic engineering of the cells to render them light 

responsive. For example, Jin and Riedel-Kruse have developed a genetically encoded biofilm 

patterning tool (“Biofilm Lithography”) by engineering bacteria such that the expression of 

membrane adhesion proteins antigen 43 (Ag43) responsible for surface attachment is 

optically regulated.110 (Figure 1.6) Accordingly, these E. coli only formed biofilm on blue 

illuminated regions of the surface and could be patterned with 25 μm spatial 

resolution. Huang et al. reported a similar strategy for microprinting living biofilms through 

optogenetic regulation of the c-di-GMP levels, which regulates biofilm formation in P. 

aeruginosa. In the presence of near-infrared light, the synthesis of c-di-GMP molecules was 

activated through the cyclization of the guanosine triphosphate (GTP) molecules, regulated 

by the genes bphO and bphS. While illuminated with blue light, c-di-GMP molecules were 

hydrolyzed due to the activation of gene blrP1. Therefore, combining these optogenetic 

modules enabled the precise manipulation of the c-di-GMP levels in P. aeruginosa through 

dual-color illumination.111  

Figure 1.6 a) Schematic illustration of biofilm photolithography. b) Biofilm patterns created 

by biofilm lithography.110 Reproduced with permission from Ref. 110. Copyright 2018 

National Academy of Sciences. 
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1.2.2 Bacteria-bacteria adhesion 

Adhesions between bacterial cells to form multicellular clusters are crucial for the 

development of biofilm structures. Bacterial aggregation plays an important role in a variety 

of ecological processes such as competition, adaptation, epidemics, and succession.112 

Bacteria-bacteria adhesions are also a key factor for regulating spatial organization and 

heterogeneity within biofilms. Manipulation of bacteria-bacteria adhesion has potential 

applications in many areas including antimicrobial therapy, modulation of bacterial signaling 

such as quorum sensing and engineering multicellular communities and microbial consortia. 

Therefore, multiple strategies have been proposed to control bacteria-bacteria adhesion and 

associated cell behavior and communication. 

1.2.2.1 Controlling bacterial aggregation with native adhesion molecules 

Antigen 43 (Ag43) is a surface-located autotransporter protein and one major 

determinant of autoaggregation in E. coli. The interactions between Ag43 α-subunits 

of adjacent cells in a head-to-tail fashion lead to dimer formation and cell 

aggregation.113 Therefore, bacterial aggregation can be controlled by regulating the 

Ag43 expression through the gene OxyR or Dam.114  

Laganenka et al. showed that autoinducer 2 (AI-2) produced by the bacteria itself is an 

attractant and leads to chemotaxis towards leading to autoaggregation of E. coli. Furthermore, 

AI-2-dependent autoaggregation enhanced bacterial stress resistance and promoted biofilm 

formation.115 It was also reported that cells of chemotactic bacterial strains aggregated in 

response to gradients of attractant and this interaction led to collective phenomena such as the 

formation of dense multicellular clusters, moving bands and geometric patterns.116-118 

1.2.2.2 Triggering bacterial aggregation with external molecules  

Synthetic materials with multivalent interactions have been used to induce bacterial 

aggregation in order to prevent infections at an early stage and blocking the interaction 

between microbial adhesins and host epithelial cell receptors. Examples of these are 

polysaccharide, polymers, dendrimers or chemically modified nanoparticles.119-124  
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Cationic polymers are an obvious starting point in the development of antimicrobial agents 

that cluster bacteria. Because of their positive charge, these polymers can efficiently bind the 

negatively charged bacterial surfaces and result in the aggregation of these bacteria. In 

addition, adhesion of cationic materials to bacterial membranes can result in membrane 

damage and have bactericidal activity.121, 125 Lui et al. reported a cationic polymer poly(N-[3-

(dimethylamino)propyl]methacrylamide) induced bacterial aggregation through electrostatic 

interactions.126 Furthermore, Vibrio harveyi showed enhanced bioluminescence in response to 

polymer-mediated clustering, indicating the quorum sensing was activated upon clustering. 

Bacteria-polymer aggregates undergo rapid autoinduction and achieve quorum sensing at 

bacterial densities far below those required for autoinduction in the absence of polymers. 126-

128   

Glycopolymers carrying carbohydrate functional groups have also been widely reported for 

the controllable bacterial aggregation.129 They can interact with the lectins on the surface of 

bacteria and induce the bacterial aggregation. Pasparakis et al. described a reversible control 

of bacterial aggregation by thermoresponsive glycopolymers.130 They synthesized the 

polymer with multiple glucose moieties, which were hidden above 40 °C and revealed below 

this temperature. This thermal switchable process enabled the controllable bacterial 

aggregation based on the interaction of glucose and lectin. 

1.2.2.3 Controlling bacterial aggregation through genetic engineering 

Recently, Glass et al. developed a synthetic cell-cell adhesion toolbox for E. coli that 

enables controlled multicellular self-assembly with high specificity and tunability.15 

For this purpose,  nanobodies (Nb) and their corresponding antigens (Ag) were 

displayed on the bacterial surface by fusing them adhesin to the N-terminus of intimin, 

an autotransporter and surface display system. Expression of the fusion protein was 

regulated by the addition of inducers anhydrotetracycline (ATc) or arabinose (Ara). 

Two E. coli strains displaying a nanobody and a corresponding antigen would 

specifically adhere to each other via the Nb-Ag interaction, which mediated self-
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assembly of multicellular aggregates with defined patterns and morphologies (Figure 

1.7). Furthermore, this toolbox enabled the rationally design of diverse and complex 

multicellular patterns.  

 

Figure 1.7 a) Bacteria-bacteria aggregation based on the interactions of nanobody and 

antigen. b) The morphology and patterning of bacterial clusters altered by the ratio of green 

and red cells.131 Reproduced with permission from Ref. 131. Copyright 2018 Elsevier. 

For natural multicellular organisms, cell-cell adhesion is the key tool for directing the 

spatial organization. To produce biofilms with a deliberate arrangement, methods for 

dynamically controlling bacteria-bacteria adhesions with high spatial and temporal 

precision are required.11-13 However, none of the existing approaches provide the required 

crucial dynamic and spatiotemporal control over the bacteria-bacteria adhesions. 

1.3 Photoswitchable proteins for optogenetic control 

Optogenetic tools are genetically encored photoswitchable proteins used for regulating 

cellular processes with light as an external stimulus.132, 133 Optogenetics has been used to 

regulate diverse cellular functions with visible light, including receptor activation, gene 

expression, enzyme activity, protein clustering and protein localization both in mammalian 

and bacterial cells.134-137 As part of this thesis the photoswitchable proteins nMag and pMag 

have been used and will be detailed below. 
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1.3.1 The photoswitchable protein pair nMag and pMag  

A widely studied and used blue light responsive class of protein domains is the light, oxygen, 

and voltage (LOV) domain found in bacteria, fungi, algae or plants.140-142 The Vivid (VVD) 

protein is the LOV-domain from the filamentous fungus Neurospora crassa. Similar to other 

LOV domains, VVD forms a covalent bond between a key cysteine residue (Cys108) and its 

cofactor flavin adenine dinucleotide (FAD) upon blue light illumination. This reaction 

induces a conformational change in the N-terminal helix α of VVD, which rearranges on the 

protein surface so as to release the N-terminus from the protein core. This conformational 

change results in the homodimerization of VVDs (Figure 1.8).139, 143 Moreover, this process 

is reversible in the dark. 

 

Figure 1.8 Conformational switching in the VVD photosensor. a) Conformation of VVD 

under blue light and in the dark.138 Adapted with permission from Ref. 138. Copyright 2017 

the American Association for the Advancement of Science. b) The activation of FAD by blue 
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light illumination leads to the formation of a photoadduct between the flavin ring and 

VVD.139 Adapted with permission from Ref. 139. Copyright 2019 Springer Nature. 

To convert the light dependent homodimerizer VVD into a heterodimerizer the protein pair 

nMag and pMag were developed by engineering the homodimerization interface Ncap (from 

Ile47 to Asn56) of VVD through incorporating either positive or negative charged amino 

acids into the VVD N-terminal helix. The engineered proteins were called Magnets based on 

their electrostatic interactions (attraction and repulsion), which favored heterodimerization 

and prevented homodimerization (Figure 1.9a). Proteins with negatively charged amino 

acids were called nMag (I52R/M55R) and positively charged amino acids were called pMag 

(I52D/M55G). To optimize the dissociation kinetics and dimerization efficiency of nMag and 

pMag (t1/2 = 1.8 h, Kd = 1.1 × 10-4), mutations were added to Ile74, Ile85, Met135 and Met165 

within the Per-Arnt-Sim (PAS) core of nMag or pMag (Figure 1.9b). The mutation I85V 

(pMagFast1 or nMagFast1) exhibited an accelerated dissociation in the dark and lower 

affinity under blue light (t1/2 = 4.2 min, Kd = 2.7 × 10-3). On the other hand, the mutations of 

M135I and M165I (pMagHigh or nMagHigh) slowed down the dark reversion and increased 

the extent of heterodimerization under blue light (t1/2 = 4.7 h, Kd = 4.1 × 10-5). 

 

Figure 1.9 a) Magnets proteins (A and B) selectively heterodimerize under blue light but not 

homodimerize due to the electrostatic. b) The mutations of nMagHigh and pMag variants.148 

Adapted with permission from Ref. 148. Copyright @ 2015 Springer Nature. 

The nMag and pMag proteins have been successfully used for optogenetically controlling of 

genome editing,144, 145 cellular signaling and transcription,146-148 colloids assembly and social 
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sorting149. The tunable binding affinities and kinetics make Magnets a very versatile class of 

photoswitchable proteins and allow for precise subcellular control of protein association with 

high spatial and temporal resolution.  
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Chapter 2. Bacterial Photolithography: Patterning Escherichia coli biofilms 

with high spatiotemporal control using photocleavable adhesion molecules  

 

Copyright 

The following chapter is based on the publication Chen, F., Ricken, J.,  Xu, D., Wegner, S. V., 

Adv. Biosys., 2019, 3, 1800269-1800274. The results are reprinted with permission from the 

WILEY-VCH Verlag GmbH & Co. KGaA.  

 

Aim 

Bacteria in nature usually do not only exist as free-floating cells but predominantly live in a 

biofilm, where collective functions arise from the social interactions and spatial organization 

of bacteria. Controlling bacterial adhesion as key steps in biofilm formation with high spatial 

and temporal precision is essential for controlling the formation, organization and 

microstructure of biofilms. To study how the spatial arrangement of bacteria influences their 

social interactions, such as quorum sensing, this work focuses on developing a method of 

patterning bacteria into complex geometries with high resolution. Photocleavable adhesion 

molecules can be synthesized to functionalize the surface and thereby bacterial attachment 

can be controlled by UV light. Using this method, patterning biofilms with high resolution 

can be obtained and provides a tool to study the spatial organization of bacterial cells on the 

quorum sensing.  

Contributions 

I performed most of the experiments and analysis including the synthesis of mannoside-NO2, 

UV-vis spectroscopy, glass surfaces functionalization, bacterial attachment and patterning, 

live imaging of patterned biofilms and quorum sensing. Julia Riecken purified the compound 

mannoside-NO2. Dongdong Xu did the glass slides passivation. Seraphine V. Wegner 

proposed the idea and led the project. 
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2.1 Abstract   

Biofilms are not only a leading cause of chronic infections and biofouling, but they also have 

a tremendous positive potential in biotechnology for biocatalysis and waste treatment. 

Biofilms are spatially structured communities of microbes, which exchange chemicals and 

communicate with each other. By spatially controlling bacterial adhesion to surfaces and 

therefore the microstructure of biofilms, we have developed a promising method of 

understanding social interactions between bacteria and designed biofilms. The bacterial 

photolithography approach described here allows us to photopattern specific bacteria 

adhesion molecules, to control surface adhesion, and to guide the formation of biofilms. To 

do this, α-D-mannoside, which is recognized by Escherichia coli FimH receptor, is linked to 

a non-adhesive poly(ethylene glycol) (PEG) surface through a photocleavable 2-nitrobenzyl 

linker. When a pattern of UV light in a specific shape is projected onto these surfaces, the 

light-exposed areas become non-adhesive and bacteria only adhere to the dark, unexposed 

areas in the photopattern. Bacterial photolithography enables bacterial patterning with high 

spatial resolution down to 10 µm without mechanical interference. Additionally, patterning 

biofilms with complicated geometries allows us to study the importance of microscale spatial 

organization on the collective behavior of bacteria such as quorum sensing. 

2.2 Introduction  

Biofilms are an emergent form of bacterial life as they allow bacteria to survive in 

hostile environments and to resist antimicrobial agents.150, 151 In order to form a 

biofilm, bacteria first need to adhere to surfaces before they begin to excrete 

substances that can anchor them to all kinds of material.10 The formation of biofilms is 

a major cause of chronic infections152 and persistent biofouling.153 Recent research has 

highlighted the potential of engineered biofilms in biotechnology for antibiofouling,154 

biocatalysis,155 biosensing,156 bioremediation157 and water treatment.158 The spatial 

structure of the biofilms on the micrometer scale allows bacteria to work together and 

perform biochemical transformations, which planktonic bacteria cannot catalyze by 
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themselves.159, 160 To control the spatial structure of biofilms more efficiently and to 

investigate its specific effect on the biofilm’s function as well as collective phenomena 

such as quorum sensing, we need to establish a reliable way to obtain patterned 

biofilms with high resolution. 

The formation of a biofilm begins with the adhesion of free-floating bacteria to a 

surface, which determines the later spatial organization in biofilms.153, 161 This is 

particularly significant as the arrangement of bacteria with respect to each other 

defines the extent of their interaction and exchange of chemicals present in a biofilm. 

Different strategies have been proposed to control bacterial adhesion and to pattern 

bacteria on surfaces, such as microfluidic devices,59 microcontact printing,162 inkjet 

printing,163 hydrogels patterning,164 substrates modified with stimuli-responsive 

chemicals,103 and optogenetic methods.165-167 Among these approaches, the light-

responsive methods provide the highest spatial and temporal resolution, are the least 

invasive and provide remote controlled. All these factors are required to construct 

stable/viable biofilms with a high level of precision. For instance, azobenzene linkers, 

which undergo reversible trans to cis isomerization when exposed to UV light, have 

been used to control bacterial adhesion to surfaces by exposure to light. This is 

achieved by altering the orientation or the presence of mannoside groups, which are 

recognized by the bacterial surface adhesion receptor FimH.103, 104, 168 Likewise, in 

optogenetic approaches, bacterial adhesion has been dynamically controlled in 

genetically modified bacteria in response to low intensities of blue or red light by 

either controlling protein expression with light or displaying light responsive protein 

pairs on the bacteria surface.165-167 Yet, these optogenetic methods require the genetic 

manipulation of bacteria and expression light responsive proteins by the bacterial. 

While the reversible control provided by the azobenzene-based approaches and the 

optogenetic approaches is an advantage to switch adhesions dynamically, it also 

requires constant illumination with light. This limits the practical use for long term 

studies and increases the risk of light toxicity, which is especially problematic in the 
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case of UV-light. Therefore, we developed a new tool termed bacterial 

photolithography where we photopatterned specific bacterial adhesion molecules on a 

non-adhesive surface for spatiotemporally controlled and specific bacterial adhesion. 

In previous reports, mammalian cells have been patterned like this using 

photocleavable 2-nitrobenzyl groups, which can be cleaved with UV-light (365 nm). 

Nitrobenzyl groups have been used as linkers connected to PEG (polyethylene glycol), 

or as photocaging groups on adhesion peptides to release them on demand and obtain 

the cell adhesive domains.19 Bacterial photolithography is an easy to handle and highly 

reproducible way for the stable patterning of bacteria and allows for straightforward 

long term studies without interference. In addition, unlike the optogenetic approaches, 

this approach does not require genetic manipulation of  E.coli.  

For bacterial photolithography, we connected α-D-mannoside to a non-fouling PEG-

coated glass surface through a photocleavable 2-nitrobenzyl linker. Synthetic 

glycosylated surfaces are valuable tools when studying specific bacterial adhesion,103, 

169 as bacteria adhere to the surface of host cells through the FimH receptor, which 

specifically recognizes oligomannoside residues of the glycoprotein.170 In our 

experiment, the bacteria adhered specifically to the α-D-mannoside monolayer on top 

of the PEG coating, where the FimH receptor on the bacteria was able to bind to 

mannoside groups (Scheme 2.1).  
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Scheme 2.1 Schematic illustration of bacterial photolithography. The bacterial adhesion 

molecule α-D-mannoside is conjugated to a glass surface with a non-adhesive PEG coating 

through a photocleavable 2-nitrobenzyl linker (mannoside-NO2). Projecting UV light through 

a photomask using a Minerva pattern onto this surface leads to the local cleavage of 

mannoside groups in the light-exposed areas and formation of non-adhesive patterns. 

Therefore, bacteria only adhere to areas which were not exposed to UV-light due to the 

specific binding of FimH receptors on E.coli to mannoside groups on the surface.  

Upon UV-light (365 nm) exposure, the α-D-mannoside groups were released from the 

surface and the underlying non-fouling PEG coating was exposed so that bacteria 

could not adhere. When a pattern of light is projected through a photomask onto a 

surface, the mannoside groups only release from areas where light passes through. 

Therefore, bacteria will only adhere to those areas that were not illuminated, and will 

not adhere to the illuminated regions. This method allows us not only to pattern 

bacteria with light, but also to spatially structure stable biofilms in complicated 

patterns with a resolution as high as 10 µm. 

Inside biofilms, bacteria can interact more efficiently and are able to sense the local 

density of each other through quorum sensing molecules, also named autoinducers.171 

Bacterial photolithography is a useful tool and can be used to engineer microbial 
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communities by patterning biofilms of desired bacterial clusters, sizes, and spatial 

distribution. This provides us with an ideal platform for understanding the 

relationships between bacteria and allows us to study quorum sensing in biofilms with 

well-controlled spatial organization in complicated geometries.  

2.3 Results and Discussion 

In the first stage of bacterial photolithography, we covered PEG-coated glass surfaces 

with photocleavable mannoside groups, which specifically bind to the bacterial surface 

adhesion receptor FimH. We used a nitrobenzyl linker, which can be photocleaved 

with UV-light (365 nm), possesses an NHS-ester (N-Hydroxysuccinimide ester) 

functional group, which reacts with mannoside amine, and this linker processes an 

alkyne group for convenient attachment to any material with an azide functional group 

by the CuAAC (copper catalyzed azide alkyne cycloaddition, also known as click 

reaction).172, 173 First, we coupled the nitrobenzyl linker to α-D-mannosyl-amine to 

obtain mannoside-NO2 (Figure 2.1a).  
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Figure 2.1. a) Synthesis of mannoside-NO2 and b) its immobilization on PEG coated glass 

surface. The glass surface was modified by passivation with PEG-azide. 

In solution the characteristic peak of mannoside-NO2 decreased during 30 min of UV-

light illumination (Figure 2.2), indicating the cleavage of the nitrobenzyl linker. 

Subsequently, mannoside-NO2 was immobilized onto glass surfaces coated with a 

bacteria repellent PEG-azide (a PEG3000 with a terminal azide and triethoxysilane 

groups) at a density of ca 38 pmol/cm2 using the CuAAC to form a photo-removable 

glycol monolayer (Figure 1b).172, 173  
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Figure 2.2 a) UV-Vis absorbance spectrum of a 100 μM solution of mannoside-NO2 in H2O 

after exposure to UV light for increasing time. b) Absorbance of mannoside-NO2 at 239 nm 

versus time. t1/2 = 2.65 min.  

We studied bacterial adhesion on these surfaces to determine whether bacteria can 

adhere to the mannoside-NO2 functionalized PEG-coated glass surfaces and to see if 

the mannoside can be released with UV-light to expose the bacteria repellent PEG.  

To detect the bacteria, we expressed GFP (green fluorescent protein) in the E.coli K12 

MG1655 strain, which expresses the FimH receptor. These bacteria were seeded at a 

density of OD600=1.0 onto mannoside-NO2 functionalized glass surfaces and incubated 

for 3.5 h, whereby one mannoside-NO2 surface was not exposed to UV light (UV-) 

and one mannoside-NO2 surface was pre-exposed to UV-light for 1 h beforehand 

(UV+). As a negative control we used glass surfaces coated with PEG, which prevents 

unspecific bacterial adhesion. Bacteria could adhere efficiently to the mannoside-NO2 

surfaces, which were not exposed to UV-light (Figure 2.3a). In contrast, only a very 

few bacteria attached to mannoside-NO2 surfaces, which were pre-exposed to UV-

light. Obviously, E.coli can adhere to the mannoside groups through the FimH 

receptor, but when the surfaces are pre-exposed to UV-light the number of bacteria 

that can adhere decreased dramatically due to the cleavage of nitrobenzene-linked 
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mannoside. In fact, the number of bacteria that adhered to these surfaces is comparable 

with the number of bacteria that adhered to the control PEG surfaces (Figure 2.3b). 

This shows that the UV-light used in the experiment was sufficient to photocleave the 

mannoside groups, but did not damage the underlying non-adhesive PEG coating.  

 

Figure 2.3 a) Fluorescent images of GFP labeled E.coli on mannoside-NO2 functionalized 

the glass surfaces which were kept in the dark (UV-) or pre-exposed to UV-light for 1 h 

(UV+) before incubating bacteria on them for 3.5 h. Scale bar is 100 µm. b) The number of 

bacteria on the surfaces in (a). A PEG-coated surface was used as a negative control. 

The number of bacteria that can adhere to such surfaces can be adjusted in several 

ways. First, the number of bacteria that attached to the mannoside-NO2 surfaces 

increased linearly with the time that bacteria were incubated on these surfaces from 10 

min to 3.5 h (Figure 2.4a, Figure 2.5a). 

 

Figure 2.4 a) The number of bacteria on UV-, UV+ and PEG surfaces with increasing 

incubation time. b) The number of bacteria adhering to mannoside-NO2 surfaces, which were 

pre-exposed to UV-light for up to 60 min before incubating with bacteria for 3.5 h. The error 

bars are the standard deviation error from nine images. 
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This can either be due to more bacterial adhesions forming, or the result of bacterial 

growth on the surfaces. Conversely, if the mannoside-NO2 surfaces are pre-irradiated 

for 1 h with UV-light (365 nm), bacteria could not adhere efficiently to these surfaces. 

The number of adherent bacteria on the surface did not change with increasing 

incubation time. Secondly, the number of bacteria that attached to these surfaces could 

be controlled by changing the pre-exposure time to UV-light, which controls the 

density of mannoside groups on the surface. For this purpose, we irradiated the 

mannoside-NO2 surfaces for up to 60 min and subsequently seeded bacteria at a 

concentration of OD600 = 1.0 for 3.5 h (Figure 2.4b, Figure 2.5b). Depending on the 

initial exposure time to UV-light, which determines the remaining density of 

mannoside-NO2 on the surface, the number of bacteria that adhered to the surfaces 

decreased gradually from ca 98 000 to ca 1 100 per cm2. In the first 15 min the number 

of bacteria that adhered to the substrates decreased dramatically due to the cleavage of 

nitrobenzene mannoside. After 15 min the number of bacteria that adhered to the 

substrate was much reduced, which indicates that most of the mannoside groups were 

cleaved and released from the surfaces. For instance, if bacteria were seeded after 5 

min of irradiation about half as many bacteria adhered to the substrate as before 

illumination. After 30 min of irradiation the number of bacteria that attached was 

comparable to the negative control on a PEG surface.  
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Figure 2.5 a) Fluorescence images of bacterial attaching to mannoside-NO2 functionalized 

surfaces which were not exposed to UV light after 10, 30, 60, 210 min incubation with 

bacteria. b) Fluorescence images of bacterial attaching to mannoside-NO2 functionalized 

surfaces which were pre-exposed to UV-light for 0, 10, 30, 60 min after 2 h incubation with 

bacteria. 

The photopatterning of mannoside groups provides high spatial resolution determining 

where bacteria adhere and enables us to pattern biofilms in any desired geometry.59, 162 

To control the local attachment of bacteria, we irradiated the mannoside-NO2 surfaces 

using a photomask with 358 nm UV-light (DAPI channel) for 2 min on an inverted 

fluorescence microscope (DMi8, Leica) through a 5x objective. We used a number of 

different photomasks, including the logo of the Max Planck Society, the head of 

Minerva, with a diameter of 800 µm, a reversed Minerva with a diameter of 400 µm 

and a hexagonal honeycomb structure with 250 µm edges. Then, we incubated 

bacteria on top of these pre-irradiated surfaces for 4 h and washed off any unbound 

bacteria with buffer. We observe that bacteria only adhered to the areas that were not 
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exposed to light and that they did not adhere to the illuminated regions following the 

projected patterns. (Figure 2.6, Figure 2.7). 

 

Figure 2.6 a) Microscopy images of the photomasks and photopatterned bacteria. UV-light 

was projected onto mannoside-NO2 functionalized glass surfaces through photomasks of the 

Minerva and reverse Minerva patterns. After incubation with GFP labeled E.coli, they only 

adhered to areas which were not exposed to light. b) Magnification of the bacterial pattern. 

The distance between the arrows in red is 10 µm. 

  

 

Figure 2.7 a) Bright field image of the photomask and b) fluorescent image of bacteria 

attached to mannoside-NO2 functionalized surface only in areas that are not illuminated with 
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UV light through the photomask. The bacteria are labelled with GFP for detection. 

Fluorescent image (middle) and bright field image (right) of a single hexagon is magnified. 

The process of bacterial photolithography described here allows us to achieve 

extremely fine structure in complex patterns. For example, in the Minerva pattern we 

observed lines of bacteria with 10 µm spatial resolution (Figure 2.6). More examples 

of biofilm patterns are shown demonstrating that our method is highly reliable. 

(Figure 2.8)  

 

Figure 2.8 Fluorescent images of other biofilm patterns generated with Bacterial Lithography. 

This strategy is not only useful to obtain patterns of bacteria, but also a way of 

studying the importance their spatial distribution for the collective behavior in 

biofilms such as quorum sensing and material exchange between bacteria. Quorum 

sensing strongly depends on the spatialtemproal distribution and local density of 

bacteria and is also affected by bacterial clustering. Photoswitchable versions of 

autoinducers allow turning quorum sensing on and off in response to light167, 174 but 

since these autoinducer diffuse rapidly in liquid cultures it is not possible to pattern 

bacteria into biofilms and study the influence of the spatial distribution on quorum 

sensing. Our method provided the possibility to study the dynamics of quorum sensing 

in a spatially well-defined biofilm. We transformed E.coli using the quorum sensing 

reporter plasmid Plsr-egfp, which induces GFP expression when quorum sensing is 

activated.175 In addition, the bacteria also expressed mCherry to detect bacterial 
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patterns. We placed these bacteria on a Minerva pattern and monitored the activation 

of quorum sensing under the microscope (Figure 2.9a).  

 

Figure 2.9 a) Activation of quorum sensing in bacteria on a Minerva micropattern recorded 

over time. E. coli constantly express mCherry (red fluorescence) for detection and start to 

express GFP (green fluorescence, Plsr-egfp reporter) when quorum sensing is activated. Scale 

bar is 200 µm. b) GFP intensity map of E.coli on the Minerva pattern after 10 h. Areas 1 & 2 

are in regions of higher local bacterial density compared to Areas 3 & 4, which are at the 

periphery of the Minerva pattern. Scale bar is 200 µm. c) GFP fluorescence intensity in the 

selected areas over time. 

During the first few h a biofilm formed following the Minerva pattern, as can be 

observed in the red fluorescence channel. After about 8 h the bacteria initiated quorum 

sensing, which was observed as an increased GFP expression. The activation in 
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quorum sensing was not uniform over the entire pattern; areas which have a higher 

local density of bacteria in the middle of the pattern (areas 1 & 2) produced a higher 

fluorescence then bacteria which were at the periphery of the Minerva pattern (areas 3 

& 4) (Figure 2.9b-c). This showed the potential of bacterial photolithography as a tool 

to study the importance of the spatial distribution of bacteria in activating quorum 

sensing and how patterned biofilms of bacteria can be used to alter local densities of 

bacteria to regulate activation of quorum sensing. 

2.4 Conclusions 

To conclude, we present here a new strategy named bacterial photolithography to 

photopattern bacteria. This tool uses photocleavable mannoside groups on non-fouling 

PEG coatings to spatially control bacterial adhesion and biofilm formation. Bacterial 

photolithography provides high flexibility in creating complex patterns with a 

resolution down to 10 µm. This fine level of resolution represents an important step 

towards the engineering of precise biofilm communities, as the microstructure of 

natural biofilms has a major impact on their function. Bacterial photolithography is not 

only a useful tool in the field of biofilm photopatterning, but it can also be used to 

study the effect of spatial distribution of bacterial on collective behaviour in biofilms 

and interactions as shown above for quorum sensing. This patterning method has 

significant potential for future applications in guiding the formation and spatial 

organization of bacteria on a biofilm, as well as improving our understanding of 

naturally existing biofilms and the design of bacterial consortia. 
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Chapter 3. Blue light switchable bacterial adhesion as a key step towards 

the design of biofilms 

 

Copyright 

The following chapter is based on the publication Chen, F., Wegner, S. V., ACS. Synth. Biol., 

2017, 6 (12), 2170-2174. The results are reprinted with permission from the American 

Chemical Society.  

 

Aim 

The method of bacterial photolithography developed in chapter 2 enables the patterning of 

biofilms with high resolution. However, it required UV light illumination which is toxic for 

cells and is not reversible for the controlling of bacterial adhesion. Optogenetic switches are 

emerging molecular tools for studying cellular processes as they offer higher spatiotemporal 

precision than classical, chemical-based switches. New tools from optogenetics can be 

introduced to control the bacterial adhesion and biofilm formation. Here, by expressing the 

optogenetic protein pair pMag on the bacterial surface and immobilizing nMag on the 

substrates, bacterial attachment can be controlled in a reversible and spatiotemporal 

controlled manner with blue light.  

 

Contributions 

I performed all the experiments and analysis including the plasmids construction, protein 

expression and purification, SDS-PAGE, QCM-D measurement, functionalization of glass 

surfaces, bacterial adhesion and detachment assays, bacterial patterning. Seraphine V. 

Wegner proposed the idea and supervised the work. 
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3.1 Abstract   

The control of where and when bacterial adhere to a substrate is a key step towards 

controlling the formation and organization in biofilms. This study shows how we engineer 

bacteria to adhere specifically to substrates with high spatial and temporal control under blue 

light, but not in the dark, by using photoswitchable interaction between nMag and pMag 

proteins. For this, we express pMag proteins on the surface of E.coli so that the bacteria can 

adhere to substrates with immobilized nMag protein under blue light. These adhesions are 

reversible in the dark and can be repeatedly turned on and off. Further, the number of bacteria 

that can adhere to the substrate as well as the attachment and detachment dynamics are 

adjustable by using different point mutants of pMag and altering light intensity. Overall, the 

blue light switchable bacteria adhesions offer reversible, tunable and bioorthogonal control 

with exceptional spatial and temporal resolution. This enables us to pattern bacteria on 

substrates with great flexibility. 

3.2 Introduction  

In biofilms different bacteria work as a community, share metabolites and are more resistant 

towards environmental stress, providing them with a clear survival advantage.153, 176 

Controlling the formation of biofilms is not only a crucial step towards understanding how 

different bacteria interact with each other in naturally occurring biofilms,150 but is also 

essential when designing biofilms for biotechnological applications in biocatalysis, 

biosensing and waste treatment.177, 178 Until recently the focus has been  on preventing 

bacterial adhesion and biofilm formation,179 but lately the better understanding of biofilms 

has led integrating genetic circuits into bacteria in order to engineer multispecies bacterial 

consortia with diverse functions.180, 181 

The first step during biofilm formation is the adhesion of bacteria to a substrate, a key 

determinant of the spatial organization in biofilms.153, 176 Controlling bacterial adhesion has 

involved modifying the surface of the bacteria  using  bio-orthogonal reactive groups through 
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liposome fusion,182 displaying surface tags on bacteria99, 183, 184 and substrate modification 

with adhesion molecules.126, 185, 186 Among these approaches the light responsive methods 

provide the highest spatial and temporal control. This is particularly significant as the 

arrangement of bacteria with respect to each other defines the extent of their interaction in a 

biofilm.153, 176 Photoswitchable azobenzene linkers have been used to alter the presentation of 

mannose, which is recognized by the bacterial adhesion receptor FimH, to reversibly turn off 

bacterial adhesion upon UV-light illumination (365 nm).103-105 Likewise, some azobenzene-

based molecules allow to modify bacterial attachment to mammalian cells,187 biofilm 

formation,188 antibiotic activity189 and quorum sensing in bacteria with UV-light.190 However, 

these photoswitches require UV-light illumination, which is toxic to bacteria. Consequently, 

the challenge of controlling bacterial attachment to substrates in space and time in a non-

invasive, reversible and tuneable manner to guide biofilm formation remains an ongoing 

goal. 

In this paper, we present a new approach of how to control bacterial adhesion to substrates 

non-invasively and reversibly with light based on photoswitchable proteins. Photoswitchable 

proteins have recently been used in the field of optogenetics to regulate cellular functions 

with visible light, including receptor activation, gene expression and protein localization both 

in mammalian and bacterial cells.134, 135 These systems are bioorthogonal and noninvasive 

because they rely on specific protein-protein interactions and respond to low intensity visible 

light. Additionally, these proteins are genetically encoded, providing sustainable expression 

in the cell. To photoswitch bacterial adhesion, we used the blue light responsive proteins, 

nMag and pMag, which heterodimerize under blue light (480 nm) and dissociate from each 

other in the dark.143 The nMag and pMag interaction can be tuned in terms of strength and 

back conversion kinetics in the dark, thus providing an extensive dynamic range. The point 

mutant pMagHigh (and nMagHigh) has a stronger interaction with its binding partners and 

slower back conversion (kdark=5.6 x 10-6 s-1), while the opposite is true for the mutant 

pMagFast1 (and nMagFast1) (kdark= 1.3 x 10-3 s-1).139 
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3.3 Results and Discussion 

In our design, we expressed one of the proteins, pMag, on the surface of E.coli and 

immobilized the complementary interaction partner, nMagHigh, on a glass substrate with a 

poly(ethylene glycol) (PEG) coating. We hypothesized that the surface engineered bacteria 

would adhere to the substrate under blue light due to the nMag-pMag interaction, but would 

not adhere in the dark (Figure 3.1a). Additionally, the bacteria that adhered under blue light 

should detach from the substrate in the dark. To express pMag variants (pMagHigh, pMag 

and pMagFast1, Scheme 3.1) on the surface of E.coli, we fused these proteins to the 

circularly permutated outer membrane proteins OmpX (CPX), a surface protein commonly 

used for bacterial display.191  
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Figure 3.1 a) The surface engineered E.coli that express pMag proteins on their surface 

adhere to nMagHigh modified substrates under blue light. In the dark the pMag-nMag 

interaction is reversed, which leads to the detachment of the bacteria from the substrate. b) 

Fluorescence images of E.coli displaying pMag variants which adhere on nMagHigh 

functionalized substrates under blue light but not in the dark. The bacteria are labelled with 

GFP for detection. Scale bar is 25 µm. c) Quantification of the number of adherent bacteria 

under blue light, in the dark and on substrates without nMagHigh. The error bars are the 

standard error from nine images. 

 

Scheme 3.1 Point mutations to transform nMagHigh into the different pMag variants. 

In fact, we observed the expression of a new protein with the molecular weight of pMag-CPX 

in lysates of these bacteria on a SDS-PAGE gel and the expression levels of the three pMag 

variants are similar (Supporting Information, Figure 3.2).  
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Figure 3.2 a) 10% SDS-PAGE of MG1655 bacteria, which displayed 1. no pMag protein 2. 

pMagHigh, 3. pMag, 4. pMagFast1 on the outer membrane surface. NEB 10-200 unstained 

protein marker was used. Molecular weights of pMag, eCPX and pMag-eCPX fusion protein 

are 17.3, 21.7, 40.8 kDa, respectively.  

In parallel, we coated glass surfaces with a PEG layer, which prevents unspecific bacterial 

attachment and bares Ni2+-nitrilotriacetic acid (NTA) end groups. This allowed us to 

immobilize purified nMagHigh with a His6-tag on these substrates as measured by quartz 

crystal microbalance (QCM) (Supporting Information, Scheme 3.2, Figure 3.3). We seeded 

bacteria, which expressed different pMag variants on their surfaces, onto these glass 

substrates with immobilized nMagHigh, both under blue light and in the dark (Figure 3.1b). 

To detect the bacteria, we co-expressed green fluorescent protein (GFP) inside the bacteria. 

In all cases more bacteria adhered to the substrates under blue light than in the dark due to the 

blue light dependent interaction between nMag and pMag proteins.  
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 Scheme 3.2 Functionalization scheme of nMagHigh immobilized substrates. 

 

Figure 3.3 QCM measurement showing that the nMagHigh-His6-tag binding to Ni2+-NTA-

PEG functionalized surfaces. 

 

We also confirmed these findings in a biofilm formation assay. pMagHigh bacteria cultured 

on nMagHigh functionalized glass substrates formed biofilms more efficiently under blue 

light than in the dark (Supporting Information, Figure 3.4).      
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Figure 3.4 Biofilm assay formation of pMagHigh displaying bacteria on glass substrates with 

or without nMagHigh protein functionalization under blue light or in the dark. +: Substrates 

with immobilized nMagHigh protein, –: Substrates without immobilized nMagHigh protein. 

a) A top-down view of solubilized biofilm stain (crystal violet).  b) Absorbance at 550 nm. 

The error bars are the standard deviation from 3 independent measurements. 

The nMag-pMag based interaction between the bacteria and the substrate can be tuned in 

several ways. First of all, different mutants of pMag have different interaction strengths with 

nMagHigh under blue light and switching off kinetics in the dark.  Most bacteria adhere to 

the nMagHigh functionalized substrate under blue light when the bacteria display the 

strongest binder pMagHigh, followed by pMag and lastly the weakest binder pMagFast1 

(Figure 3.1c). These results also show that sufficient pMag proteins are displayed on the 

E.coli surface to mediate bacterial adhesion. As we observe similar protein expression levels 

for the three pMag variants, the differences in the number of bacteria that adhere to the 

substrate are due to the differences in interaction strength. In the dark, very few bacteria 

attach to the substrate no matter which pMag variant is displayed on the bacteria. In fact, the 

number of bacteria that adhere to the substrate in the dark is comparable to those which 

adhere to the PEG coating without the immobilized nMagHigh protein. This shows that 

residual bacterial adhesion in the dark is very weak.     
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The second way to adjust the number of bacteria that adhere under blue light is to control the 

time of attachment to the substrate (Figure 3.5a). In the first 10 min the number of bacteria 

that adhered to nMagHigh functionalized substrates was similar for all nMag variants and 

was probably limited by the sedimentation speed of the planktonic bacteria in solution. After 

30 min differences in the number of bacteria that adhered to the substrate became apparent 

depending on the pMag variant they expressed on their surface. At this point the number of 

bacteria on the surface correlated with the interaction strength with nMagHigh, being 

pMagHigh>pMag>pMagFast1. Further, after 1 h the number of bacteria on the surface 

reached a plateau.     

 

Figure 3.5 a) Attachment kinetics of bacteria displaying different pMag variants on 

nMagHigh functionalized substrates under blue light. b) Influence of blue light intensity on 

bacterial adhesion. pMagHigh displaying bacteria were incubated on nMag functionalized 

substrates for 1 h. The error bars are the standard error from nine images. 

Controlling the illumination intensity is another way of altering the blue light switchable 

bacterial adhesion. We examined the number of pMagHigh expressing bacteria that adhere to 

nMagHigh functionalized substrates under varying blue light intensities (Figure 3.5b). We 

found that even a light intensity of 3.2 µW/cm2 can partially activate, and an intensity of 320 

µW/cm2 can completely activate the blue light dependent adhesion. These blue light 
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intensities are extremely low and even exposure after many hours proved to be non-toxic to 

the bacteria. Only after exposure of 10 times higher light intensity did 25% of the bacteria on 

the substrate die after 1 h. This confirms that the blue light responsive interactions are a 

noninvasive way of controlling bacterial adhesion and can be tuned by altering the light 

intensity.     

Bacteria rearrange themselves within the biofilm over time and subsequently leave the 

biofilm when it has matured to colonize new substrates. The blue light switchable bacterial 

adhesions presented here also capture this aspect of biofilms as they are reversed in the dark. 

To study the detachment kinetics in the dark, we let bacteria displaying different pMag 

variants adhere to nMagHigh functionalized substrates for 1 h under blue light and 

subsequently moved these substrates into the dark. All the surface engineered bacteria detach 

from the nMagHigh substrates in the dark, but the detachment kinetics are highly dependent 

on the pMag variant expressed on the bacteria (Figure 3.6a). The bacteria detach slower 

beginning with bacteria displaying pMagFast1 to pMag to pMagHigh and the detachment 

half-lives are 12, 43 and 66 min, respectively. This order reflects the trend reported for dark 

reversion kinetics of pMag variants, pMagFast1 being the fastest and pMagHigh the 

slowest.143 Additionally, the detachment experiments show that most bacteria can reversibly 

detach in the dark. Only in the case of pMagHigh displaying bacteria some bacteria are 

already irreversibly attached to the substrate, which could be due to secondary interactions.   
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Figure 3.6 a) Bacterial detachment kinetics of bacteria displaying different pMag variants 

from nMagHigh functionalized substrates in the dark. Bacteria were allowed to attach for 1 h 

under blue light prior to placing the samples in the dark. b) Multiple attachment and 

detachment cycles for bacteria displaying pMag variants on nMagHigh functionalized 

surfaces. The samples are incubated for 1 h under blue light and for 2 h in the dark for each 

attachment and detachment step, respectively. The error bars are the standard error from nine 

images. 

Reversible light controlled bacterial adhesion allows us to switch this interaction dynamically 

on and off repeatedly. To demonstrate this, we kept bacteria displaying different pMag 

variants on nMagHigh functionalized substrates, alternating between 1 h under blue light and 

2 h in the dark. At the end of each step we quantified the number of adherent bacteria. We 

observed for all pMag variants a high number of bacteria after each blue light illumination 

step, and the number  decreased substantially after keeping the substrate in the dark (Figure 

3.6b). Switching between blue light and dark several times produced similar results after each 

cycle.    

The high spatial resolution that the blue light dependent bacteria adhesions provide enabled 

us to photopattern these bacteria in a desired geometry. To control the local attachment of 

pMagHigh expressing bacteria, we illuminated a nMagHigh functionalized substrate through 
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a photomask with blue light for 1 h. We detected obvious bacterial patterns on the substrate 

that correspond to the projected photomask (Figure 3.7).   

 

Figure 3.7 a) Bright field and b) fluorescent image of pMagHigh displaying bacteria attached 

to nMagHigh functionalized substrates only in areas that are illuminated with blue light 

through a photomask. The bacteria are labelled with mCherry for detection. Scale bar is 100 

µm.  

3.4 Conclusions 

In summary, we present here a new platform for controlling bacteria surface adhesions based 

on the blue light dependent interaction between nMag and pMag proteins. This optogenetic 

approach is the first method that provides non-invasive, bioorthogonal and reversible control 

over bacterial attachment with unprecedented spatial and temporal control. The 

photoswitchable bacteria adhesions allow us to control and tune bacterial attachment and 

detachment to a high degree. These unique properties can be used to guide the formation and 

spatial organization of bacteria in a biofilm, which is vital in engineering bacterial consortia. 
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Chapter 4. Photoswitchable bacteria-bacteria adhesions for blue light 

controlled bacterial communities 

 

 

Aim 

In chapter 3, we introduced the controlling of bacterial adhesion to surfaces in a reversible 

and high spatiotemporal resolution expressing the optogenetic protein pair pMag on the 

bacterial surface and immobilizing nMag on the substrates. Optogenetic protein pair nMag-

pMag can be furtherly used to engineer the bacteria with photoswichable properties by 

display techniques. Therefore, blue light can induced the bacterial multi-cellular assembly 

and this process is reversible in the dark. Through this light controllable bacterial adhesion, 

multiple bacterial social interactions can be regulated, such as aggregation, quorum sensing, 

biofilm formation and metabolic cross-feeding between auxotrophic strains. 

 

Contributions 

I performed all the experiments and analysis including the constructions of plasmids and 

bacterial strains, SDS-PAGE, bacterial aggregation and reversibility, quorum sensing assay, 

real-time imaging of bacterial aggregation, biofilm formation, metabolic cross-feeding assay. 

Seraphine V. Wegner proposed the idea and supervised the work.  
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4.1 Abstract   

Although the fundamental importance and biotechnological potential of multi-bacterial 

communities, also called biofilms, are well known, our ability to control them is limited. We 

present a new way of dynamically controlling bacteria-bacteria adhesions by using blue light 

and how these photoswitchable adhesions can be used to regulate multicellularity and 

associated bacterial behavior. To achieve this, the photoswitchable proteins nMagHigh and 

pMagHigh were expressed on bacterial surfaces as adhesins to allow multicellular clusters to 

assemble under blue light and reversibly disassemble in the dark. Regulation with visible 

light provides unique advantages including high spatiotemporal control, tunability and non-

invasive remote regulation. These photoswitchable adhesions make it possible to regulate 

collective bacterial functions including aggregation, quorum sensing, biofilm formation and 

metabolic cross-feeding between auxotrophic bacteria with light. Overall, the photoregulation 

of bacteria-bacteria adhesions provides a new way of studying bacterial cell biology and will 

enable the design of biofilms for biotechnological applications. 

4.2 Introduction  

Bacteria have the outstanding ability to live in biofilm as social communities. Biofilms allow 

them to perform complex functions as a group that cannot be accomplished by a single 

bacterium.24 Multi-bacterial communities are different from their planktonic counterparts as 

they share metabolites and are shielded from environmental stresses and antibiotics, allowing 

them to colonize diverse and even hostile environments.150, 192 Bacterial consortia have great 

potential for applications in synthetic biology due to their ability to split complex 

biosynthetic pathways and share tasks among different specialized members, thus increasing 

their productivity and decreasing the metabolic burden on each member of the consortium.45, 

153 Specifically designed bacterial consortia could therefore be used in future industrial, 

medical and environmental applications including the synthesis of complex molecules in 

bacterial factories, biocatalysis,193 waste treatment and drug delivery.194, 195 
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The fundamental importance and biotechnological potential of bacterial communities are 

already recognized, whereas our current understanding and ability to engineer multi-bacterial 

communities to perform desired tasks are both still in their infancy. Part of the complexity 

arises from assembling unicellular planktonic bacteria into multicellular assemblies. During 

this process the organization of bacteria at the micrometer length scale into multicellular 

structures strongly affects the fate of the co-culture because it determines diffusion rates of 

shared metabolites and toxins. Moreover, the interaction between bacteria is dynamic and 

changes over time as fluctuations in the environment and within the cells occur.45, 196, 197 To 

produce biofilms with a deliberate spatiotemporal arrangement, methods for dynamically 

controlling bacteria-bacteria adhesions with high spatial and temporal precision are 

required.49, 198, 199 Yet, methods for controlling bacteria-bacteria adhesions are very limited.49, 

152 A prime example of engineering bacteria-bacteria adhesions by Glass et al. uses outer 

membrane-displayed nanobodies and antigens as adhesins to control multicellularity, 

aggregation pattern and morphology.131 In other examples, native and surface engineered 

bacteria were clustered together using external small molecules, polyvalent nanoparticles and 

polymers.99, 104, 123, 126, 200 Yet, none of these approaches provides the required crucial 

dynamic and spatiotemporal control over the bacteria-bacteria adhesions.  

High spatiotemporal control has been achieved using light as a trigger in the case of bacterial 

adhesions onto substrates, which is the first step in biofilm formation. Different approaches 

include the optogenetic regulated expression of adhesion molecules on bacterial surfaces110, 

111, 165, 201-203 and the modification of substrates and/or bacteria with light responsive 

molecules that alter bacterial adhesion.102, 104, 168, 204 Using light as a trigger provides unique 

advantages. Most importantly, being able to illuminate an area of interest at a chosen time 

provides incomparable spatial and temporal control over the interactions. Secondly, visible 

light is biocompatible and offers non-invasive remote control. This is particularly 

advantageous for biotechnological applications when compared to small molecule inducers, 

as it does not require later removal and is cost efficient. Additionally, by using different 

intensities and light frequencies it is possible to modulate interactions in light-responsive 
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systems. Some light-responsive interactions are also reversible in the dark offering dynamic 

on/off switching. This is also why photo-regulation has been introduced to regulate other 

important bacterial processes including gene expression, growth, biofilm formation,188 

quorum sensing,190, 205 bacterial attachment to mammalian cells and antibiotic activity.126  

In this paper, we present an optogenetic approach to control reversible bacteria-bacteria 

adhesions with high spatiotemporal control using visible light. Photoswitchable bacteria-

bacteria adhesions allow for the assembly of E.coli into multicellular aggregates with high 

spatiotemporal control and specificity in a noninvasive, reversible, sustainable and tunable 

manner. The fundamental properties of bacteria-bacteria adhesions have also allowed us to 

control associated bacterial processes including quorum sensing, biofilm formation and 

metabolic cross-feeding between different auxotrophic bacteria. These examples reveal that 

the photoswitchable bacteria-bacteria adhesions offer new design possibilities for 

dynamically modulating bacterial consortia, which in turn opens up new possibilities for 

studying both bacterial cell biology and biotechnological applications.  

4.3 Results and Discussion 

Engineered bacteria displaying photoswitchable proteins. As bacterial adhesins, we chose 

to use those photoswitchable protein interactions recently used in the field of optogenetics to 

regulate diverse cellular functions with visible light, including receptor activation, gene 

expression, protein localization and activity as well as cell adhesions.143, 165, 206 Important 

benefits of optogenetic protein-protein interactions are their response to low intensity visible 

light, the high specificity of the protein-protein interactions and their sustained production in 

the cells. In this study, we used the protein pair nMag and pMag as adhesins, which 

heterodimerize under blue light (480 nm) and dissociate from each other in the dark.143 

Different point mutants of nMag and pMag enable us to alter the strength and back 

conversion in the dark; the variants nMagHigh and pMagHigh have stronger interactions with 

binding partners and a slower rate of reverse conversion in the dark. In contrast, nMagFast1 



Chapter 4
 

59 
 

and pMagFast1 have weaker binding abilities and a faster rate of reverse conversion in the 

dark (Scheme 4.1). 

 

 

Scheme 4.1. Schematic representation of the variants with point mutations from nMagHigh 

to pMagFast1. 

In our design, we expressed different photoswitchable proteins, nMagHigh or different 

variants of pMag (pMagHigh, pMag or pMagFast1) on the surface of E.coli. We 

hypothesized that co-cultures of bacteria expressing complementary interaction partners on 

their surfaces would reversibly aggregate under blue light and disaggregate in the dark due to 

the light-switchable nMag-pMag binding (Figure 4.1a). 
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Figure 4.1. a) Photoswitchable bacteria-bacteria adhesions. E.coli expressing complementary 

blue light photoswitchable proteins on their surfaces adhere to each other under blue light and 

reversibly dissociate in the dark. The photoswitchable proteins nMagHigh or pMag variants 

were displayed on the cell surface and act as photoswitchable adhesins by fusing them to the 

outer membrane protein eCPX. b) Blue light-dependent aggregation of bacteria expressing 

nMagHigh and pMag variants. E. coli displaying nMagHigh (labeled with GFP) or pMag 

variants (labeled with mCherry) were mixed in a 1:1 ratio (OD600= 0.15) and incubated for 2 

h under blue light or in the dark. Scale bar is 30 μm. c) Aggregation ratio, and d) the average 

cluster size in co-cultures and mono-cultures of bacteria displaying photoswitchable adhesins 

under blue light and in the dark. The aggregation ratio is the area of bacteria clusters (objects 

with an area > 15 µm2) divided by the area occupied by all bacteria. The error bars are the 

standard error from 25 images. ***p < 0.001.  

To express the photoswitchable proteins on the surface of E.coli, we fused the C-terminal of 

each protein to the N-terminal of the circularly permutated outer membrane proteins OmpX 
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(CPX), a surface protein commonly used for bacterial display.191, 205 Using one construct at a 

time (nMagHigh-eCPX or pMag-eCPX variants), each one was transformed into E.coli 

MG1655 wild-type K-12 and the expression of the new protein with the molecular weight 

corresponding to the surface displayed protein was observed in lysates of these bacteria on an 

SDS-PAGE gel (Figure 4.2).  

 

Figure 4.2. 10% SDS-PAGE of E. coli MG1655 bacteria, which displayed 1. no pMag 

protein 2. nMagHigh, 3. pMagHigh, 4. pMag, 5. pMagFast1 on the outer membrane surface. 

NEB 10-200 unstained protein marker was used. Molecular weights of nMagHigh-eCPX or 

pMag-eCPX fusion protein are 40.8 kDa.  

Blue light-switchable nMag-pMag protein interactions enable bacteria cell-cell 

adhesion. Given that the proteins were sufficiently accessible on the cell surface, we 

expected that co-cultures of bacteria displaying nMagHigh and pMag proteins would form 

cell-cell adhesion interactions under blue light and be visible as large bacterial aggregates. To 

test if the photoswitchable proteins were able to mediate light dependent bacteria-bacteria 

adhesions, we mixed bacteria displaying nMagHigh with bacteria displaying one of the pMag 
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variants on their surface in a 1:1 ratio (OD600 is 0.15), either under blue light or in the dark. 

For detection we co-expressed green fluorescent protein (GFP) and a red fluorescent protein 

(mCherry) inside the bacteria displaying nMagHigh and pMag variants, respectively. After 2 

h incubation under blue light bacteria aggregates were, in fact, visible under the fluorescent 

microscope, but not in samples kept in the dark (Figure 1b). The most prominent bacterial 

aggregates were formed under blue light in co-cultures of bacteria displaying nMagHigh and 

pMagHigh, followed by co-cultures of nMagHigh and pMag. However, almost no 

aggregation was observed in co-cultures of pMagHigh with the weakest binder being 

pMagFast1. The blue light-triggered aggregation was clearly due to the photoswitchable 

proteins displayed on the bacteria since bacteria just displaying eCPX (negative control) did 

not aggregate and were homogeneously distributed over the sample. 

Next, we quantified the extent of aggregation and the aggregate sizes under blue light and in 

the dark. This was done for both mixed cultures of nMagHigh with different pMag-

displaying bacteria and mono-cultures in order to gain not only an insight into the specificity 

of the photoswitchable interactions, but also to assess the contribution of heterophilic and 

homophilic interactions between bacteria. As a parameter, the aggregation ratio was defined 

as the area occupied by clusters of bacteria (objects with an area > 15 µm2, the average area 

of a single E.coli is 2.5 µm2, only objects bigger than 6 bacterial cells were considered to be 

clusters) divided by the total area occupied by all bacteria (Figure 4.1c). This quantification 

showed that in co-cultures of nMagHigh and pMagHigh-displaying E.coli, 90% of the 

bacteria were integrated into clusters under blue light, whereas only 30% of bacteria were 

clustered in the dark. Moreover, the average cluster size (only objects with an area > 15 µm2 

were counted as clusters) was 75 µm2 under blue light, which was significantly larger than 

the clusters observed in the dark (average size of 30 µm2) (Figure 4.1d). The aggregation 

ratio analysis also confirmed the initial qualitative observation that co-cultures of nMagHigh 

and pMag partially formed clusters under blue light, whereas co-cultures of nMagHigh and 

pMagFast1 did not. Mono-cultures of bacteria displaying nMagHigh or pMagHigh 

aggregated to some extent when exposed to blue light with up to 50% of the bacteria being 
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integrated into clusters. On the other hand, pMag and pMagFast1-displaying bacteria did not 

self-aggregate and showed comparable aggregation with the control strain, eCPX. The partial 

self-aggregation of nMagHigh and pMagHigh-displaying bacteria was not surprising as both 

of these proteins can homodimerize to some degree, whereas the heterophilic interaction 

between these proteins is much stronger.35 Hence, some of the aggregation observed in co-

cultures of nMagHigh with either pMag or pMagFast1-displaying bacteria could be attributed 

to the homophilic interaction of nMagHigh-displaying bacteria. In the case of the co-cultures 

of nMagHigh and pMagHigh-displaying bacteria, the heterophilic interactions were the 

dominating factor leading to aggregation as observed by the high aggregation under blue light 

in these cultures and the overall larger clusters. Also, confocal laser scanning microscopy 

(CLSM) scans showed intermixed 3D aggregates of nMagHigh and pMagHigh bacteria under 

blue light (Figure 4.3).  
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Figure 4.3 a) Stacks scanning images of E. coli co-cultures. E. coli displaying nMagHigh 

(labeled with GFP) or pMagHigh (labeled with mCherry) were mixed in a 1:1 ratio (OD600= 

0.15) and incubated for 2 h under blue light and in the dark.  Scale bar is 30 µm. b) 3D 

reconstruction images of E. coli co-cultures under blue light and in the dark.  

Additionally, the aggregation ratios in co-cultures of nMagHigh and pMagHigh displaying 

bacteria mixed in different ratios (nMagHigh:pMagHigh= 1:1, 2:1, 4:1, and 6:1) showed that 

aggregation was the most efficient in 1:1 mixed cultures with 87 % of the bacteria being part 

of a cluster after 2 h under blue light (Figure 4.4). Yet, also at higher mixing ratios bacterial 

aggregation was still significant, as each bacterium displays many copies of the 

photoswitchable proteins and can interact with multiple bacteria around it. 
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Figure 4.4 E. coli displaying nMagHigh (GFP labeled) and pMagHigh (mCherry labeled) 

were mixed in a ratio of 1:1, 2:1, 4:1, 6:1 (OD600= 0.15) and incubated for 2 h under blue 

light or in the dark. The error bars are the standard error from 25 images. 

Bacterial aggregation leads to faster sedimentation. To confirm the results on the 

photoswitchable cell-cell adhesions, we allowed mixed cultures of nMagHigh and pMag-

expressing strains or mono-cultures (OD600= 1.0) to stand unshaken. We then quantified 

bacteria sedimentation by measuring optical density (OD600) of the cells remaining in the 

upper half of the cultures after 1 h. We found that mixed cultures of nMagHigh with pMag 

variants all settled faster when exposed to blue light than in the dark (Figure 4.5).  
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Figure 4.5 a) A schematic illustration of enhanced bacterial sedimentation due to the co-

aggregation under blue light. nMagHigh or pMag variants displaying bacteria were labeled in 

green or red color, respectively. b) Bacterial sedimentation in co-cultures and mono-cultures 

of E. coli displaying nMagHigh or pMag variants in a 1:1 ratio (OD600= 1.0) for 1 h under 

blue light and in the dark. The difference in sedimentation under blue light and in the dark 

was most obvious for mixtures of nMagHigh and pMagHigh cultures. eCPX bacteria were 

used as control. **p < 0.01. *p < 0.05. c) Sedimentation kinetics of bacterial co-cultures in a 

1:1 ratio under blue light illumination and in the dark for 4 h.  

The difference in sedimentation under blue light and in the dark was most obvious for 

mixtures of nMagHigh and pMagHigh cultures. Contrastingly, mono-cultures and the control 

strain, eCPX, showed no significant differences in sedimentation either after exposure to blue 

light or in the dark. As co-cultures of nMagHigh and pMagHigh-displaying bacteria showed 

the most significant co-aggregation under blue light, subsequent experiments were carried out 

using this adhesin pair. 

Bacteria-bacteria adhesions can be tuned by means of multiple strategies. The adhesions 

between bacteria displaying nMagHigh and pMagHigh can be adjusted by controlling 
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illumination time, illumination area, light intensity and bacterial density. The first way to 

adjust the bacteria-bacteria co-aggregation was done by controlling the time of illumination. 

When the co-aggregation of nMagHigh and pMagHigh-displaying bacteria under blue light 

was monitored in real time over 12 h, initially bacteria clusters formed quickly within the 

first 2 h (Figure 4.5a-b). After 2 h, the increase of the aggregation ratio slowed down and 

reached a plateau after 6 h (Figure 4.5b). Even though the aggregation ratio did not increase 

much after this point, the sizes of the clusters increased significantly over time. The reason 

for this was that existing clusters dynamically fused and rearranged to maximize bacteria-

bacteria interactions. On the other hand, when nMagHigh and pMagHigh-displaying bacteria 

were incubated in the dark for 12 h, no obvious bacterial clusters were observed.  

 

Figure 4.5 Temporal and spatial control of photoswitchable bacteria-bacteria adhesions. a) 

Co-aggregation of bacteria displaying nMagHigh (GFP labeled) and pMagHigh (mCherry 

labeled) under blue light over time monitored with fluorescence microscopy. Scale bar is 50 

μm. b) The aggregation ratio and average aggregate size over time under blue light and in the 
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dark. c) The blue light illumination in the upper part of the field of view leads to spatially 

controlled co-aggregation, which is not observed in the lower part of the image kept in the 

dark. Scale bar is 50 μm. 

It should be noted that bacterial growth under the conditions of the experiment (in PBS at 

room temperature over 12 h) was negligible (Figure 4.6a) and hence had no effect of the 

aggregation ratio. Overall, bacterial aggregation that occurred under blue light came about in 

two steps: first bacteria aggregate into clusters and then clusters coalesce into larger clusters. 

 

Figure 4.6. Bacterial growth curves in the dark and under blue light. a) Optical density of a 

1:1 mixed co-culture of nMagHigh (GFP labeled) and pMagHigh (mCherry labeled) 

displaying bacteria in PBS at room temperature over 12 h. (initial OD600 = 0.15) b) Growth 

curve of nMagHigh (GFP labeled) and pMagHigh (mCherry labeled) displaying bacteria in 

mono- and 1:1 co-cultures in LB medium at 37 oC, 300 rpm over 16 h under blue light and in 

the dark. The error bars are the standard deviation from 3techinical replicates.  

The second important feature that photoregulation provides is spatial control by selecting the 

area of light illumination. To demonstrate the spatial control over bacteria aggregation, we 

firstly allowed mixed cultures of nMagHigh and pMagHigh displaying bacteria (OD600= 

0.2) to settle down on a surface and then stimulated half of the field of view with blue light 
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(confocal 488 nm laser) for 2 h. Large bacterial clusters formed only in the blue light 

illuminated area but not in the dark part (Figure 4.5c). The quantification of the aggregation 

ratio and the average cluster size showed that in the illuminated area 80% of the bacteria 

were integrated into clusters but were more than twice as big as the clusters in the dark 

(Figure 4.7). Taken together, the photoswitchable bacteria-bacteria adhesion allow 

controlling when and where bacteria co-aggregate. 

 

Figure S6. a) Aggregation ratio, and b) the average cluster size of bacteria in the upper (blue 

light activated) and lower (dark) area of the images in Figure 2c. The error bars are the 

standard deviation from 3technical replicates. **p < 0.01. 

An important advantage of light-controlled interactions is that they can be tuned using 

different intensities of light, which only partially activate the interactions. To tune the 

strength of bacteria-bacteria interactions, we examined the bacterial co-aggregation of 

nMagHigh and pMagHigh-displaying bacteria under varying blue light intensities after 2 h 

(Figure 4.8a, Figure 4.9). Even a blue light intensity of just 17 μW/cm2 partially activated 

the bacterial aggregation, resulting in 40% of the bacteria integrating into clusters. In 

comparison, when applying a blue light intensity of 270 μW/cm2 blue light-dependent 

aggregation was completely activated, resulting in 90% of the bacteria integrating into 

clusters. 
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Figure 4.8 Tuning photoswitchable bacteria-bacteria adhesions. a) The influence of blue light 

intensity on the co-aggregation of nMagHigh and pMagHigh-displaying E.coli. b) 

Microscopy images and c) average cluster size of 1:1 mixed co-cultures at different cell 

density under blue light and in the dark. Scale bar is 50 μm. The error bars are the standard 

error from 25 images. ***p < 0.001. 
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Figure 4.9 Co-aggregation of E.coli under blue light with an intensity of a) 0; b) 17; c) 67; d) 

270; e) 540; f) 2160 µW / cm2. E. coli displaying nMagHigh (labeled with GFP) or 

pMagHigh (labeled with mCherry) were mixed in a 1:1 ratio (OD600= 0.15) and incubated for 

2 h. Scale bar is 50 μm.   

It should be noted that the blue light intensities applied are extremely low and are nontoxic to 

the bacteria as observed in live/dead staining for bacteria (Figure 4.10). Only a blue light 

intensity of 2160 µW/cm2, which is 8 times higher than the light intensity used in our 

experiments, reduced the bacterial aggregation ratio to 40%, potentially due to the light 

toxicity. These findings demonstrate that photoswitchable bacteria-bacteria interactions are 

tunable over a wide range simply by altering the intensity of the blue light exposure.  
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Figure 4.10 Dead cell staining of E. coli after incubation under blue light, in the dark or 

fixation with 4% PFA for 2 h. Bacteria were labelled by GFP for observation. Dead cell 

staining dye is from the kit of Live and Dead Cell Assay. Dead bacteria were stained with red 

fluorescence. The blue light (intensitiy is 540 µW / cm2) applied is nontoxic to the bacteria as 

observed and comparable to the dark control. Scale bar is 20 μm.   

Bacterial density is also an important parameter in controlling bacterial aggregation. To 

determine what minimal bacterial density is needed in order to assemble bacterial clusters 

under blue light and how clustering depends on bacterial density, we measured the 

aggregation of nMagHigh and pMagHigh-displaying bacteria at different bacterial densities. 

Bacteria aggregated more significantly and formed larger clusters with increasing bacterial 

density (Figure 4.8b-c).  
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At very low densities (OD600 = 0.075), aggregation was negligible after 2 h, presumably due 

to the low probability of bacteria encountering one another. When the density was above 

0.15, bacteria co-aggregated under blue light, but not in the dark. The blue light-dependent 

aggregation was also observed at higher densities (OD600 = 0.6), whereas in the dark only 

little bacterial aggregation was observed despite high crowding. In previous reports, E. coli 

MG1655 was shown to auto-aggregate at an even higher density (OD600 = 2.0), which 

depends on the adhesin antigen 43 (Ag43).115 Therefore, the blue light-triggered bacterial 

aggregation reported here is significant for bacterial cultures at low bacterial density, where 

also the cultures are translucent enough to permit light delivery as an external stimulus 

(Figure 4.11).  

 

Figure 4.11 UV-vis spectrum of E. coli in series of optical density (OD600 is 0.25, 0.50, 0.75, 

1.00, 1.50). The absorbance at 480 nm is below 1. indicating the possibility for efficient blue 

light delivery. 

Reversibility of bacterial co-aggregation. A key feature of the nMagHigh and pMagHigh 

adhesin pair is their ability to reverse in the dark. Reversibility is an important feature, as in 

bacterial communities the relationship and interactions between different bacteria change 
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over time depending on the phase in their lifecycle and in environmental conditions. For 

example, the detachment of bacteria from mature biofilms and the reversion to a planktonic 

state enable bacteria to form new biofilms in other places. To date, engineered bacterial-

bacterial adhesions are not reversible; once the interactions are established they keep bacteria 

in place permanently. The reversibility of the nMagHigh-pMagHigh protein interaction in the 

dark allowed us repeatedly to switch bacterial cell-cell adhesions dynamically on and off. To 

demonstrate this, we kept a mixture of nMagHigh and pMagHigh-displaying bacteria, 

alternating between 1 h under blue light and 1 h in the dark and at the end of each step 

quantified the bacterial aggregation. The bacterial aggregation ratio increased after each 

exposure to blue light illumination and decreased after each incubation phase in the dark 

(Figure 4.12).  
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Figure 4.12 Reversibility of the photoswitchable bacteria-bacteria adhesions during multiple 

blue light and dark cycles. a) Fluorescent images of nMagHigh (GFP labeled) and pMagHigh 

(mCherry labeled) bacteria incubated in turn for 1 h under blue light and 1 h in the dark. 

After each blue light step multicellular clusters assembled and after each dark step the 

clusters disassembled. Scale bar is 25 μm. b) Changes in the aggregation ratio over multiple 

blue light/dark cycles. The error bars are the standard error from 25 images. Blue and grey 

shaded backgrounds indicate 1 h periods where the blue light illumination was turned on and 

off, respectively. 

The duration of the blue light induced bacterial clustering is an important parameter for their 

reversibility as longer contacts can lead to the production of extracellular polymeric 

substances and abolish the reversibility. While after up to 2 h of blue light illumination the 

aggregates still mostly disassembled upon stopping the blue light illumination, aggregates 

assembled under longer blue light illumination (4 hours) were no longer reversible (Figure 

4.13). The reversibility and the repeated switchability of the nMagHigh-pMagHigh-mediated 

bacterial adhesions provide us with not only with unprecedented dynamic control over 

bacteria interactions, but can also be used to switch related bacterial functions on and off. 

 

Figure 4.13 Reversibility of the photoswitchable bacteria-bacteria. Co-cultures of nMagHigh 

and pMagHigh bacteria incubated for a) 1 h b) 2 h c) 4 h under blue light before placing the 

cultures in the dark. The error bars are the standard error from 25 images. Blue and grey 
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shaded backgrounds indicate the periods where the blue light illumination was turned on and 

off, respectively. 

Blue light-switchable bacterial aggregation-induced quorum sensing activation. The 

aggregation of bacteria is not just a physical phenomenon, but also profoundly impacts 

bacterial cell biology. The light-triggered bacteria-bacteria adhesions, therefore, provide a 

unique tool to photoregulate bacterial behavior. Given this, we tested whether we can control 

bacterial quorum sensing, biofilm formation and cross-feeding in bacterial communities by 

using light.  

Bacteria use quorum sensing to sense their own local density and thereby regulate diverse 

cellular functions and population behavior including biofilm formation, virulence gene 

expression, bioluminescence, and antibiotic resistance.126, 190, 207, 208 In the case of quorum 

sensing, bacteria release small molecules, called autoinducers, into their environment in order 

to detect their local concentration in such a way that bacteria then activate quorum sensing 

once a critical level is reached. The starting hypothesis was that blue light-triggered bacterial 

clustering would lead to a higher local concentration of autoinducers within the clusters and 

activate quorum sensing at lower bacterial densities compared to non-clustered bacteria. For 

this purpose, we transformed nMagHigh and pMagHigh-displaying bacteria with the quorum 

sensing reporter plasmid, Plsr-egfp, which expresses a green fluorescent protein upon 

quorum sensing activation.115 In co-cultures of nMagHigh and pMagHigh-expressing bacteria 

the green fluorescence signal was significantly higher after 2 h in cultures incubated under 

blue light than in the dark as detected by fluorescence microscopy and flow cytometry 

(Figure 4.14, Figure 4.15). In a control experiment with eCPX bacteria that do not display 

photoswitchable proteins, quorum sensing was not enhanced under blue light. Therefore, the 

stronger activation of quorum sensing was clearly due to the light-triggered clustering of 

bacteria. These results demonstrate the feedback between bacteria clustering and quorum 

sensing and that the blue light-switchable bacteria-bacteria interaction can be used to change 

quorum sensing behavior. 
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Figure 4.14 Photoswitchable adhesions trigger quorum sensing under blue light. a) A 

schematic illustration of bacterial quorum sensing triggered by photoswitchable adhesions 

under blue light. nMagHigh or pMagHigh displaying bacteria were labeled in green or red 
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color, respectively. b) Fluorescence and bright field microscopy images of co-cultures of 

nMagHigh and pMagHigh-displaying bacteria transformed with a green fluorescence quorum 

sensing reporter under blue light or in the dark after 2 h. Under blue light, bacteria aggregated 

and became fluorescent due to the activation of quorum sensing, but not in the dark. Scale bar 

is 50 µm. c) Quantification of the green fluorescence b) and control bacteria just displaying 

eCPX. The error bars are the standard error from 9 images. ***p < 0.001. 

 

Figure 4.15 Flow cytometry analysis of bacterial quorum sensing activation by the 

measurement of GFP fluorescence. Co-cultures of nMagHigh and pMagHigh-displaying 

bacteria transformed with a green fluorescence quorum sensing reporter were incubated 

under blue light or in the dark for 2 h. Under blue light, bacteria aggregated and became 

fluorescent due to the activation of quorum sensing, but not in the dark.  

Blue light-switchable bacterial aggregation enhanced bacterial biofilm formation. 

Biofilm formation is closely coupled to bacterial aggregation mediated by E.coli adhesin 

Ag43 and curli fibers.115 To test if the engineered nMagHigh and pMagHigh adhesin pair can 

enhance biofilm formation under blue light, we seeded a mixture of bacteria displaying 

nMagHigh and pMagHigh into glass chambers, either under blue light or in the dark, for 48 h 

at 37 °C. The bacteria were labelled with GFP for observation and bacteria just displaying 
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eCPX were used as a negative control. A denser biofilm formed under blue light than that in 

the dark for a mixture of bacteria displaying nMagHigh and pMagHigh, as observed with 

confocal microscopy (Figure 4.16a-b). Moreover, for bacteria displaying nMagHigh and 

pMagHigh the biofilm was thicker under blue light than in the dark and in the dark the 

biofilm was comparable to the control eCPX bacteria (Figure 4.16c).  

 

Figure 4.16 Photoswitchable adhesions enhance biofilm formation under blue light. a) A 

schematic illustration of biofilm formation enhanced by photoswitchable adhesions under 

blue light. nMagHigh or pMagHigh displaying bacteria were labeled in green or red color, 

respectively. b) Confocal laser scanning microscopy images of biofilms formed with co-
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cultures of nMagHigh and pMagHigh-displaying bacteria (both labeled with GFP) after 48 h 

in the dark and under blue light. Scale bars, 100 µm. c) Biofilm thickness in the dark and 

under blue light for bacteria with and without photoswitchable adhesins. The error bars are 

the standard error from 3 replicates. ***p < 0.001. 

Also, crystal violet staining of surface-attached biofilms grown for 48 h at 37 oC in 

microplates confirmed the augmented biofilm formation under blue light for bacteria with 

photoswitchable adhesins (Figure 4.17). Overall, it is interesting to note that not only native 

adhesion molecules such as Ag43 and curli fibers, but also engineered adhesins like 

nMagHigh and pMagHigh can result in to biofilm formation. These photoswitchable 

bacteria-bacteria adhesions hence provide remote control over biofilms by using light. 

 

Figure 4.17 Biofilm formation assay using crystal violet staining for quantification. 

nMagHigh and pMagHigh-displaying bacteria were mixed in a 1:1 ratio (OD600= 0.01) and 

incubated for 48 h in the dark or under blue light. Biofilm formation was quantified using 

crystal violet (CV) staining. The absorbance at 550 nm was measured. In both experiments, 

cells with eCPX expression were used as negative control. ***p < 0.001. 
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Blue light-controllable bacterial aggregation alters metabolic cross-feeding. In nature, 

bacteria do not exist in isolation, but live as complex multispecies’ communities. Within 

these communities, different members can perform distinct tasks, exchange essential 

metabolites and form microbial ecosystems, which also have important biotechnological 

implications.56, 209 However, designing bacterial communities is far from straightforward as 

the spatial structure of a microbial community, nutrient availability, diffusion constraints and 

metabolic burden on different members alters the biochemical phenotypes and abundance of 

the participating strains. For instance, Mee et al. devised a series of synthetic syntrophic 

communities in co-cultures of different E. coli amino acid auxotrophs. While the exchange of 

essential amino acids in certain mixtures of auxotrophs leads to cooperative growth, the 

metabolic cross-feeding revealed both positive and negative interactions in communities of a 

higher complexity.56 Furthermore, emergence and maintenance of metabolic exchanges 

depend on particular circumstances and changes over time. Here we asked the question how 

the aggregation changes cross-feeding between different auxotrophs, as aggregation increases 

the efficiency of nutrient transfer and potentially can stimulate otherwise unfavorable 

metabolic processes.210  

To test how the aggregation alters bacterial cross-feeding and co-culture composition, we 

expressed either nMagHigh or pMagHigh on the surfaces of E. coli BL21 strains that are 

auxotrophic for one essential amino acid (P, K, W, M and T). We named each bacterial strain 

after the amino acid it is auxotrophic for and the protein displayed on its surface (n: 

nMagHigh, p: pMagHigh), e.g. Kn: lysine auxotroph displaying nMagHigh.(Figure 4.18a) In 

order to observe if the spatial proximity alters the cross-feeding process, we co-cultured 

different nMagHigh and pMagHigh-displaying auxotrophs under blue light or in the dark and 

quantified their growth by measuring the OD600 (Figure 4.18b). As reported before, each 

auxotroph was unable to grow on its own in a M9 minimal medium, but a subset of these 1:1 

co-cultures showed synergistic growth after 48 h. More importantly, the cooperative growth 

of some co-cultures was different under blue light and in the dark; Pn/Kp co-cultures grew 6-
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fold better under blue light than in the dark and Wn/Mp, Tn/Wp and Wn/Tp co-cultures grew 

better in the dark than under blue light (4, 2 and 3 fold, respectively).  

 

Figure 4.18 Photoswitchable adhesions alter metabolic interactions and cross-feeding. a) A 

schematic illustration of bacterial metabolic cross-feeding altered by photoswitchable 

adhesions. nMagHigh or pMagHigh displaying bacteria were labeled in green or red color, 

respectively. b) Syntrophic growth of different auxotrophic strains displaying nMagHigh or 



Chapter 4
 

83 
 

pMagHigh after 48 h in the dark (left) and under blue light (right). Color intensity indicated 

in the color bar denotes fold growth after 48 h over the initial population. c) Population 

distribution of 2-member co-cultures after 48 h incubation in the dark and under blue light as 

determined by qPCR. Each co-culture was quantified in 3 biological replicates.  

 

The increased growth of Pn/Kp co-cultures under blue light is presumably due to the more 

efficient metabolic exchange between the two strains upon co-aggregation as observed under 

the microscope. (Figure 4.19) The negative effect of blue light-triggered aggregation on the 

growth Wn/Mp, Tn/Wp and Wn/Tp shows that proximity can also overwhelm the partnership 

as the biosynthetic burdens on one member becomes too high. On the other hand, some co-

cultures grew equally well under blue light and in the dark, showing that spatial proximity 

does not always determine the cross-feeding, meaning that the effect of clustering has to be 

evaluated case by case. For this the blue light-switchable adhesins can be a used as a tool to 

assess and optimize the cross-feeding in co-cultures by controlling aggregation.  
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Figure 4.19 Aggregation of the auxotrophic BL21 (DE3) E. coli strains. E. coli displaying 

nMagHigh or pMagHigh were mixed in a 1:1 ratio (OD600= 0.15) and incubated for 2 h under 

blue light or in the dark. The scale bar is 50 μm.  

Metabolic cross-feeding promotes the growth of different members to different extents and 

leads to a change in composition over time. By using quantitative PCR (qPCR), we 

determined the relative abundance of each member for cultures that showed altered growth 

under blue light and in the dark (Figure 4.18c). For the Pn/Kp co-culture, which grew better 

under blue light, the ratio of the Pn and Kp was similar to the initial starter culture ratio of 

50:50 in the dark, but under blue light the Kp strain grew much better resulting in a 20:80 

Pn:Kp ratio. For the Wn/Mp co-culture the relative abundance of the two bacteria types didn’t 

change much with blue light illumination. However, for the Wn/Tp co-culture, which grew 

better in the dark, the Wn:Tp ratio was 78:22 in the dark and 40:60 under blue light. Overall, 

these results show that regardless of whether the effect aggregation under blue light is 

positive or negative it can still have an impact on the co-culture composition. The nonlinear 

effect of aggregation on cross-feeding of different auxotrophic strains could be explained by 

the fact that different amino acids have different metabolic costs and are required in different 

amounts. Upon aggregation, the excessive consumption of metabolically expensive and rarer 

amino acids (W, M)56 by the auxotroph resulted in the reduced growth of the producing strain 

and an overall reduction in growth of the co-culture. On the other hand, more efficiently 

exchange of metabolically cheap and more abundant amino acids within the aggregates (P, 

K)56 led to an overall increase in growth, where one of the strains benefits more from this 

collaboration. Therefore, the photoswitchable bacteria-bacteria interactions are a significant 

tool to control both metabolic cross-feeding and culture composition. 

4.4 Conclusions 

The photoswitchable bacteria-bacteria adhesions presented here provide a new way of 

assembling multicellular bacterial communities with high spatiotemporal control and unique 

advantages. The response to low intensity blue light provides non-invasive regulation and is 
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bioorthogonal to other cellular processes. Photoregulation is especially attractive for 

biotechnological applications as the application of light is a cheap and easy way of removing 

stimuli compared to applying chemicals that are used to control bacterial cultures. 

Interestingly, various microorganisms photoregulates their adhesions in response to light in 

order to adapt to changing environmental conditions.211, 212 Implementing a light regulated 

adhesion module into E. coli can similarly be used to photoregulate bacterial behaviour in 

changing enviroments. The optogenetic proteins used, nMagHigh and pMagHigh, assure 

specific binding between bacteria expressing interaction partners under blue light and allow 

for them to arrange themselves into specific patterns. While the photoswitchable protein 

interactions are strong enough to mediate aggregation, they still allow for dynamic 

rearrangement and coalescence of aggregates to maximize bacteria-bacteria interactions. 

Importantly, the multi-bacterial assemblies can be disassembled in the dark allowing for 

dynamic switching between unicellular and multicellular life forms. This is an important 

feature when it comes to designing bacterial communities as the relationship between 

different bacteria can change over time as environmental parameters and the internal state of 

the bacteria vary. Moreover, bacterial aggregation is highly tunable by altering light intensity 

and exposure time as well as bacterial density. The sustained production of the genetically 

encoded proteins makes control in long term cultures possible, as demonstrated in cross-

feeding and biofilm formation experiments. This is an important advantage over strategies 

that involve the chemical modification of the surface of the bacteria, as these modifications 

are difficult to maintain over time. E. coli typically divide every 20 min and quickly dilute 

the functional groups on their surfaces.  

The photoswitchable bacteria-bacteria interactions provide an exclusive combination of 

features and are a significant new tool in the study of bacterial cell biology and the regulation 

of bacterial consortia. We have demonstrated how we can photocontrol central bacterial 

behavior including quorum sensing, biofilm formation and metabolic cross-feeding with this 

new tool. The modular nature of the photoswitchable adhesins allow to integrate them onto 

the surface of many different cell types and couple them to cell-cell signaling, quorum 
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sensing-based gene regulators and gene regulatory logic gates. Moreover, the ability to 

regulate and optimize cross-feeding in co-cultures opens the way to design more efficient 

bacterial factories that can perform further complex transformations. The evolutionary 

transition from single to multi-cellular life forms has resulted in an explosion of diversity. By 

understanding and controlling multi-cellularity in the field of synthetic biology we hope to 

achieve more than just the sophistication of bacterial communities.  
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5. Summary and outlook  

Controlling bacterial adhesion with high spatial and temporal precision is essential for 

controlling the formation, organization and microstructure of biofilms. In this thesis, different 

methods to control bacterial adhesions using light have been developed to control biofilm 

formation or the assembly of multicellular structures with high spatiotemporal precision and 

to study how the spatial organization of bacteria influences their collective functions.  

In the first part of the thesis, a new method named bacterial photolithography were 

created to pattern stable biofilms through irreversible light response. This method provides 

high flexibility in creating complex patterns with a resolution down to 10 µm, which 

represents an important step towards the engineering of precise biofilm communities 

as the microstructure of natural biofilms has a major impact on their function. This 

method enables the investigation of how microscale spatial organization affects collective 

bacterial interactions such as quorum sensing. It has significant potential for future 

applications in guiding the formation and spatial organization of bacteria in a biofilm, 

as well as improving our understanding of naturally existing biofilms and the design of 

bacterial consortia.  

In the second part of the thesis, photoswitchable proteins nMag and pMag were used to 

control bacterial adhesions in an optogenetic approach. This approach overcomes the 

problem of using UV light for photoregulation and chemically modifying the bacteria surface. 

It provides non-invasive, bioorthogonal and reversible control over bacterial attachment with 

unprecedented spatial and temporal control. The photoswitchable bacteria adhesions allow us 

to control the formation and spatial organization of bacteria in a biofilm, which is vital in 

engineering bacterial consortia. 

In the last part of the thesis, the photoswitchable bacteria-bacteria adhesions were developed 

based on the optogenetic proteins nMag and pMag. It provides a new way to spatiotemporally 

control the reversible assembly of multicellular clusters with blue light. The photoswitchable 

bacteria-bacteria interactions provide an exclusive combination of features and are a 
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significant new tool in the study of bacterial cell biology and the regulation of bacterial 

consortia. These photoswitchable adhesions made it possible to regulate collective bacterial 

functions using light including aggregation, quorum sensing, biofilm formation and 

metabolic cross-feeding between auxotrophic bacteria. Multi-bacterial communities are of 

fundamental importance and have great biotechnological potentials. 

All these work open new possibilities for engineering multicellular communities, understand 

fundamental bacterial behavior in biofilms and design biofilms with new functions for 

biotechnological applications. The evolutionary transition from single to multi-cellular life 

forms has resulted in an explosion of diversity. By understanding and controlling multi-

cellularity in the field of synthetic biology, we hope to achieve more than just the 

sophistication of bacterial communities.
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6. Materials and Methods 

6.1 Materials  

6.1.1 Plasmids 

The GFP pTrc99A, mCherry pTrc99A (Ampicillin resistant, IPTG inducible), and Plsr-egfp 

plasmids (Kanamycin resistant) for E.coli expression were gifts from Prof. Victor Sourjik. 

The plasmid pB33eCPX, which contains the gene for the enhanced circularly permutated 

outer membrane protein OmpX (eCPX), was a gift from Prof. Patrick Daugherty (Addgene 

plasmid # 23336)191. The nMagHigh gene in the pET-21b(+) plasmid between the NdeI and 

XhoI cutting sites was purchased from Genescript. 

6.1.2 Bacterial Strains  

E.coli K12 MG1655 was purchased from DSMZ. BL21(DE3) E.coli were purchased from 

NEB. The auxotrophic BL21 (DE3) E. coli strains RF2 (Addgene plasmid # 62070, T), RF6 

(Addgene plasmid # 62074, P), RF10 (Addgene plasmid # 62076, K), RF11 (Addgene 

plasmid # 61961, M) and RF12 (Addgene plasmid # 62077, T) were a gift from Robert 

Gennis & Toshio Iwasaki.213 

6.1.3 Other Materials.  

The 2,5-dioxopyrrolidin-1-yl (1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethyl) 

carbonate was synthesized following the literature.26 4-Aminophenyl α-D-mannopyranoside 

was purchased from Sigma-Aldrich. PBS (pH 7.4) was prepared by PBS tablets from Gibco.  

LB-Medium (Luria/Miller) was purchased from Carl Roth. 10 g tryptone and 5 g NaCl were 

dissolved in 1 L H2O to obtain TB (Tryptone Broth) medium. LB and TB media were 

autoclaved prior to use. 20 x 20 mm glass coverslips were purchased from Carl Roth. PEG 

(3000)-azide was synthesized following previous reports from our lab.172 QuikChange II Site-

Directed Mutagenesis Kit was purchased from Agilent. All chemicals were purchased from 

Sigma-Aldrich. The live and dead cell Assay kit (ab189818) was purchased from Abcam. 
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KAPA SYBR® FAST Universal Kit was purchased Sigma Aldrich. 8-well slides (μ-Slide, 8-

well glass bottom) were purchased form ibidi. 

6.2 Methods 

6.2.1 Bacterial culture  

E.coli K12 MG1655 were co-transformed with one of the eCPX fused photoswitchable 

protein plasmids (nMagHigh-eCPX, or pMagHigh-eCPX, or pMag-eCPX, or pMagFast1-

eCPX, chloramphenicol resistant, L-arabinose inducible), and a fluorescent protein 

expression plasmid (GFP-pTrc99A or mCherry-pTrc99A, ampicillin resistant, IPTG 

inducible). 5 mL LB medium containing 35 μg/mL chloramphenicol and 50 μg/mL 

ampicillin were inoculated with a single colony and incubated overnight at 37 °C at 250 rpm. 

Then, 50 μL of these cultures was added into fresh 5 mL LB medium containing 35 μg/mL 

chloramphenicol and 50 μg/mL ampicillin and cultured for 2 h at 37 °C, at 50 rpm. Then, the 

OD600 = 0.4, 0.04% m/v L-arabinose and 0.5 mM IPTG were added to the cultures to induce 

the expression of the eCPX fused proteins and the fluorescent proteins, respectively. The 

bacteria were cultured at 25 °C, at 250 rpm for 4 h and subsequently diluted in PBS 

(phosphate buffer saline) to the desired density. 

6.2.2 Expression and purification of nMagHigh  

The nMagHigh with a C-terminal His6-tag in pET-21b(+) expression plasmid was 

transformed into BL21(DE3) E.coli cells. The protein expression was induced at OD600 = 0.6 

with 1 mM IPTG and the protein was expressed at overnight at 18 °C, 250 rpm. The cell 

pellet was suspended in 20 mL buffer A (50 mM Tris-HCl pH 7.4, 300 mM NaCl ) with 1 

mM protease inhibitor PMSF (phenylmethane sulfonyl fluoride). The cells were lysed by 

sonication and the lysate was cleared by centrifugation at 12000 rpm for 30 min followed by 

filtration through a 0.45 μm filter twice. The lysate was passed over a 5 mL of Ni2+-NTA 

agarose column. The column was washed with 50 mL buffer C (Buffer A with 25 mM 

imidazole) and the protein was eluted with 10 mL buffer B (Buffer A with 250 mM 
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imidazole). The purified nMagHigh-His6 was dialyzed against 2 L buffer A twice for at least 

6 h and the purity was verified by SDS-PAGE. 

6.2.3 Cloning of nMagHigh and pMag variants  

To express pMag variants (pMagHigh, pMag and pMagFast1) on the surface of E.coli, we 

fused these proteins to the N-terminal of eCPX. To insert the nMagHigh gene into the 

plasmid pB33eCPX, the nMagHigh gene was firstly amplified by PCR from nMagHigh pET-

21b(+) plasmid and inserted between the KpnI and SacI cutting sites of pB33eCPX. The 

different pMag variants fused to eCPX were generated by point mutagenesis from the 

nMagHigh-eCPX plasmid using QuikChange II Site-Directed Mutagenesis Kit (Scheme S1).  

6.2.4 Synthesis of mannoside-NO2  

To a solution of 2,5-dioxopyrrolidin-1-yl (1-(5-methoxy-2-nitro-4-(prop-2-yn-1-

yloxy)phenyl)ethyl) carbonate (1 eq., 271.27 mg, 1 mmol) in 1 mL DMF, a solution of 4-

aminophenyl α-D-mannopyranoside (1 eq., 392.09 mg, 1 mmol) in 400 μL Na2CO3 buffer (1 

M, pH = 8.5) and 600 μL H2O were added. The reaction mixture was kept at room 

temperature with stirring for 24 h. The reaction mixture was evaporated under vacuum and 

the remaining solid was purified by HPLC (column: reverse phase C18). A: Acetonitrile, 

0.1% TFA, B: H2O, 0.1% TFA, flow 1mL/min, gradient 20% to 80% B, retention time 14 

min). The concentration of the final product is determined to be 1.0 mM by UV-Vis (ε 350 = 

5000 M−1 cm−1). HR-MS(ESI+): [M+ Na]+ observed: m/z = 571.1541, calc.: m/z = 

571.1540. 1H-NMR (600 MHz; D3OD):  (in ppm) = 7.79 (s, 1H), 7.30 (d, J = 9 Hz, 2H), 

7.28 (s, 1H); 7.04 (d, J = 8.4 Hz, 2H), 6.39 (q, J = 6 Hz, 1H), 5.38 (s, 1H), 4.85 (d, J = 2.4Hz, 

2H), 3.96 (s, 3H), 3.90 – 3.59 (m, 6H), 3.04 (t, J = 2.4Hz, 1H), 1.65 (d, J = 6Hz, 3H). 

6.2.5 UV-Vis spectroscopy of mannoside-NO2  

UV-Vis spectra were acquired using plate reader (Tecan, SparkTM). The absorbance of 0.1 

mM Mannoside-NO2 in H2O was measured from 280 to 700 nm after different irradiation 

times (0, 1, 2, 5, 10, 15, 20, 30 min) with 365 nm light (UV transilluminator from Syngene’s 

GeneFlash).  
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6.2.6 Functionalization of glass surfaces with PEG-mannoside-NO2 

The glass surfaces were functionalized similarly to previous reports.172 Shortly, glass slides 

(20 × 20 mm) were cleaned in freshly prepared Piranha solution (3:1 (v/v) conc. H2SO4:H2O2 

(30%)) for 1 h, rinsed 3 times with Milli-Q water and dried in an N2 stream. For the 

PEGylation reaction, surfaces were immersed in a solution of PEG-azide (10 mg PEG-azide, 

MW = 3000 g/mol) and a drop of dry triethylamine in dry toluene and kept at 79 °C 

overnight under a N2 atmosphere. The surfaces were first washed with ethyl acetate for 5 min 

by sonication, then with methanol for 5 min by sonication and dried in a N2 stream. The 

PEG-coated surfaces were incubated in contact with 50 μL of reaction solution containing 

100 mM L-ascorbic acid, 100 mM Tris HCl pH 9.0, 50 μM of the mannoside-NO2 and 1 mM 

CuSO4 in a moisture chamber for 2 h. Afterwards the surfaces were washed with 50 mM 

EDTA (pH 7.4) for 5 min and 3 times PBS for 5 min. 

6.2.7 Bacterial adhesion to the mannoside-NO2 functionalized surfaces. 

E.coli K12 MG1655 were transformed with the GFP pTrc99A plasmid (ampicillin resistant) 

and selected on an LB-agar plate with 50 μg/mL apicillin. 2 m LLB medium containing 50 

μg/mL ampicillin was inoculated with a single colony and incubated overnight at 37 °C at 

250 rpm. Then, 100 μL of these cultures were transferred into 10 mL fresh LB medium 

containing 50 μg/mL ampicillin and cultured at 37 °C, 250 rpm. When the OD600 = 0.4, the 

production of the fluorescent protein was induced with 0.5 mM IPTG and the culture was 

incubated at 37 °C, 250 rpm for 4 h. The bacteria were then spun down at 4000 rpm for 10 

min and washed by PBS twice. Finally, the bacteria were resuspended in PBS to OD600 = 1.0.  

For bacterial adhesion assays, 3 mL of bacteria were placed on top of mannoside-NO2 

functionalized surfaces. Prior to bacterial seeding, the surfaces were either kept in the dark or 

pre-illuminated by UV light (UV transilluminator, Syngene’s GeneFlash) for 1 h. Surfaces 

with just the PEG coating but not modified with mannoside-NO2 were used as negative 

controls. The bacteria were incubated on these surfaces at room temperature for 10, 30, 60, 

120 or 210 min. 
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To investigate the effect of UV-light illumination, mannoside-NO2 functionalized surfaces 

were firstly pre-illuminated with UV light for 0, 2, 5, 10, 15, 30, 60 min and then bacteria 

were placed onto these surfaces for 210 min incubation in the dark.  

For analysis, after the incubation of the bacteria on the surfaces, the surfaces were gently 

washed 3 times with PBS to remove unbound bacteria and 3 x 3 fluorescent images (field of 

view of one image =1.04 mm2) in the GFP channel were acquired on an inverted fluorescence 

microscope (DMi8, Leica) through a 20x objective. The number of bacteria on the surface 

was analyzed using the particle analyzer tool in ImageJ.  

6.2.8 Bacterial biofilm photopatterning on the mannoside-NO2 functionalized surfaces. 

A mannoside-NO2 functionalized surface was locally illuminated with 358 nm UV light 

through the photomask for 2 min on an inverted fluorescence microscope (DMi8, Leica) 

through a 5x objective. Then, the photomask was removed and a bacteria solution with OD600 

= 1.0 prepared as described above is placed on top of the surface and incubate for 4 h. The 

glass surface was gently washed 3 times with PBS to remove non-attached bacteria before 

imaging the bacterial biofilm pattern.  

6.2.9 Live imaging of patterned biofilms and quorum sensing 

E.coli K12 MG1655 were co-transformed with mCherry pTrc99A (ampicillin resistant) and 

Plsr-egfp (kanamycin resistant) plasmids and selected on an LB-agar plate with 50 μg/mL 

ampicillin and 50 μg/mL kanamycin, then cultured as described above. A mannoside-NO2 

functionalized surface was illuminated through a photomask with UV light as described 

above. Then, the photomask was removed and a bacteria solution with OD600 = 1.0 is placed 

on top of the surface. 4 h later, non-attached bacteria were removed by washing 3 times with 

PBS and the bacterial pattern was observed under microscope in the mCherry fluorescence 

channel. Then, PBS containing 10% TB medium was added on top of the surface. Afterwards 

the bacterial pattern was imaged in the mCherry and GFP channels every 3 min for 10 h on a 

fluorescence microscope (DMi8, Leica) with 10x objective. The fluorescence intensity of 

bacterial biofilm pattern was analyzed using the intensity analyzer tool in ImageJ. 
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6.2.10 Functionalization of glass surfaces with nMagHigh  

The glass substrates were functionalized similarly to previous reports.28  Shortly, glass slides 

(20 × 20 mm) were cleaned in freshly prepared Piranha solution (3:1 (v/v) conc. H2SO4:H2O2 

(30%)) for 1 h, rinsed 3 times with Milli-Q water and dried in an N2 stream. For the 

PEGylation reaction, surfaces were immersed in a solution of PEG-azide (10 mg PEG-azide, 

MW= 3500 g/mol) and a drop of dry triethylamine in dry toluene and kept at 79 °C overnight 

under a N2 atmosphere. The surfaces were first washed with ethyl acetate for 5 min by 

sonication, then with methanol for 5 min by sonication and dried in a N2 stream. The PEG-

coated surfaces were incubated in contact with 100 μL of reaction solution containing 100 

mM L-ascorbic acid, 100 mM Tris HCl pH 9.0, 150 μM of the NTA-alkyne and 1 mM 

CuSO4 in a moisture chamber for 2 h (Scheme 2). Afterwards the surfaces were incubated 

with the following solutions to obtain the nMagHigh functionalized substrates through NTA-

Ni2+ -His tag interaction: 1) 50 mM EDTA (pH 7.4) for 5 min, 2) Buffer A twice for 5 min, 

3) 0.1 M NiCl2 in water for 5 min, 4) Buffer A twice for 5 min, 5) 10 μM purified 

nMagHigh-His6 protein for 30 min, 7) Buffer A twice for 5 min. 

6.2.11 Bacterial adhesion to the nMagHigh functionalized substrates and detachment 

assays 

E.coli K12 MG1655 were co-transformed with the appropriate pMag-eCPX plasmid 

(chloramphenicol resistant) and the GFP plasmid (ampicillin resistant) and selected on an 

LB-agar plate with 35 μg/mL chloramphenicol and 50 μg/mL ampicillin. 5 ml LB medium 

containing 35 μg/mL chloramphenicol and 50 μg/mL ampicillin was inoculated with a single 

colony and incubated overnight at 37oC at 250 rpm. Then, 500 μL of these cultures were 

added into fresh 20 ml LB medium containing 35 μg/ml chloramphenicol and 50 μg/mL 

ampicillin and cultured for 2 h at 37 °C, 250 rpm. When the OD600 = 0.5, 0.04% m/v L-

arabinose to induce the expression of the pMag-eCPX proteins and 0.5 mM IPTG to induce 

the production of the fluorescent protein were added and the cultures were incubated at 25 

°C, 250 rpm for 4 h. The bacteria were then spun down at 4000 rpm for 10 min and washed 

by PBS twice. Finally, the bacteria were resuspended in PBS to OD600 = 1.0.  
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For bacterial adhesion assays, 3 mL of bacteria co-expressing one of the pMag protein 

variants on their surface and GFP protein were placed on nMagHigh functionalized 

substrates. The bacteria were either incubated under blue light illumination (blue LED panel, 

640 µW/cm2) or in the dark for 1 h. Bacteria incubated on substrates that lack the 

immobilized nMagHigh protein were used as negative controls. Other bacterial adhesion 

assays were performed similarly changing one parameter at the time: The illumination 

intensity (0, 3.2, 32, 320, 640 or 3200 µW/cm2) or the incubation time under blue light (10, 

30, 60, 120 or 180 min). 

For bacterial detachment assays, bacteria were placed on nMagHigh substrates and were 

incubated for 1 h under blue light illumination, and then the samples were moved to the dark 

for 0, 10, 30, 60, 120 or 240 min, respectively.  

For the cycling experiments, bacterial were first incubated under blue light illumination for 1 

h for attachment and then kept in the dark for 2 h for detachment. This process was repeated 

in total for 2.5 cycles. 

For analysis, after the incubation with the bacteria, the substrates were gently washed 3 times 

with PBS to remove unbound bacteria and 3 x 3 fluorescent images (area of one image =1.04 

mm2) in the GFP channel were acquired on an inverted fluorescence microscope (DMi8, 

Leica) through a 20x objective. The number of bacteria on the surface were analyzed using 

the particle analyzer tool in ImageJ.  

6.2.12 Bacterial patterning on the nMagHigh functionalized substrates. 

E.coli K12 MG1655 were co-transformed with pMagHigh-eCPX and mCherry plasmid 

(ampicillin resistant) plasmids and cultured as described above. A bacteria solution with 

OD600 = 1.0 is placed on top of a nMagHigh functionalized glass substrate and kept in the 

dark. The glass surface was locally illuminated with blue light through photomask for 1 h on 

an inverted fluorescence microscope (DMi8, Leica) through a 10x objective. Then, the 

photomask was removed and the glass surfaces were gently washed 3 times with PBS before 

imaging the bacterial pattern. 
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6.2.13 Lysates of MG1655 expressing different pMag variants 

Lysates of E.coli K12 MG1655 expressing different pMag variants were generated by 

suspending bacteria to OD600 = 1.0 in PBS. 30 µl bacterial solutions and 10 µl 4x protein 

loading dye were mixed and then heated at 95 oC for 10 min. 10 µl of the lysates solution was 

loaded for SDS-PAGE. 

Table 4.2.1 SDS-PAGE gel preparation 

Component Stacking gel Resolving gel (12%) Resolving gel (10%) 

40% Acrylamid 1.48 mL 7.5 mL 6.25 mL 

0.5 M TRIS pH=6.8 3.78 mL - - 

1.5 M TRIS pH=8.8 - 6.25 mL 6.25 mL 

10% SDS 150 µL 250 µL 250 µL 

H2O 9.5 mL 10.9 mL 12.1 mL 

TEMED 15 µL 12.5 µL 12.5 µL 

10% (w/v) APS 75 µL 125 µL 125 µL 

Total volume 15 mL 25 mL 25 mL 

All components for both stacking and resolving gels were mixed together except for the 

ammonium persulfate (APS). Then APS was added to the resolving gel, rapidly mixed and 

poured in between glass plates placed in the holders. The gels were allowed to solidify before 

adding APS to the stacking gel, mixing and pouring on top of the resolving gel. A comb was 

then placed in the stacking gel to form the wells. Several gels were prepared in parallel and 

were stored wrapped in soaked with MilliQ water paper at 4 °C. 

SDS-Gels were loaded with 15 µL of protein mixed with 5 µL protein loading dye. Protein 

marker was run in parallel (5 µL) to be able to identify the protein sizes. 120 mA and 200 V 

were applied for 37 minutes to run the proteins in the gel. SDS-PAGE was stained with 

coomassie brilliant blue staining solution, while heating it for 30 seconds in the microwave 

and allowing soaking for 5 minutes at room temperature. After that, the coomassie staining 

was removed and destaining solution was added. The gel was left on a shaker for 1 hour or 

until the gel became transparent and the protein bands became clearly visible. The gels were 

then scanned for documentation and further analysis. 
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6.2.14 QCM measurement 

All QCM measurements are performed on a Q-Sense E1 system (Q-Sense) with SiO2 crystals 

(Q-sense). All measurements are performed with a flow rate of 100 μL/min and at room 

temperature. The SiO2 coated QCM crystals are cleaned with a 2% SDS solution overnight, 

rinsed 3 times with Milli-Q water and dried in an N2 stream. The QCM crystals are then 

treated with oxygen plasma (TePla 100-E, 0.2 mbar, 150 W, 10 min). Subsequently, the SiO2 

crystals were functionalized as the glass surfaces with PEG-NTA and loaded with NiCl2 

(Scheme S2). In the QCM the following solutions were passed over the crystal: 1) Buffer A, 

10 min, 2) 10 μM nMagHigh protein in Buffer A, 15 min, 3) Buffer A, 15 min.  

6.2.15 Bacterial aggregation assay 

E.coli displaying nMagHigh (labeled with GFP) and one of the pMag variants (labeled with 

mCherry) were either mixed in a 1:1 ratio or analyzed as mono-cultures (OD600= 0.15). 300 

µL of each bacterial culture was added into 8-well slides and incubated in the dark or under 

blue light illumination (270 μW/cm2) for 2 h. Then, 200 µL 10% PFA (paraformaldehyde) in 

PBS was added to each sample for fixation for 30 min before acquiring images. To quantify 

the bacterial aggregation at various densities, E.coli displaying nMagHigh (GFP labeled) and 

pMagHigh (mCherry labeled) were mixed in a 1:1 ratio in PBS to a final OD600 = 0.075, 

0.15, 0.3, 0.6 and the bacterial aggregation was performed as described above. Likewise, the 

influence of the illumination intensity on bacterial aggregation was investigated using the 

protocol above (E.coli displaying nMagHigh (GFP labeled) and pMagHigh (mCherry 

labeled) were mixed in a 1:1 ratio in PBS, OD600 = 0.15), but the blue light intensity was 

adjusted to 0, 17, 67, 270, 540, or 2160 μW/cm2 using neutral density filters.  

Images were acquired on an inverted Confocal Laser Scanning Microscope (CLSM, Leica 

TCS SP8) equipped with a 488 nm and 552 nm laser for imaging the GFP and mCherry, 

respectively and a 40x water-immersion objective lens. For each sample 25 images (290 µm 

x 290 µm)were acquired in the GFP and mCherry channels. All images were processed in 

FIJI (FIJI, https://fiji.sc/). To analyze the bacterial aggregation, the images in the GFP and 

https://fiji.sc/


Materials and Methods 
 

98 
 

mCherry channels were merged and converted into a binary image. Using the Analyze 

Particles function in FIJI, clustered bacteria and all bacteria (single and clustered) in each 

image were detected by taking into account objects with an area > 15 μm2 and > 2 μm2, 

respectively. Aggregation ratio = sum of the area occupied by clustered bacteria / sum of area 

occupied by all bacteria. Likewise, the average sizes of clusters were obtained using the 

results for the particle analysis tool.  

6.2.16 Real-time imaging of bacterial co-aggregation 

E.coli displaying nMagHigh (or pMagHigh) were diluted in PBS to a final density of OD600= 

0.15 and mixed in a 1:1 ratio. 300 µL of bacterial solution was added into 8-well slides and 

time-lapse images (1 image/min) were acquired for 12 h. The time-lapse images of bacteria 

under blue light illumination were taken by a CLSM Leica TCS SP8 microscope as described 

above and the 488 nm excitation also used for imaging in the GFP channel was used for 

photoactivation. The time-lapse images of bacteria in the dark were acquired on an inverted 

fluorescent microscope (DMi8, Leica) in the bright field channel and placing a 525 - 900 nm 

bandpass filter in front of the white light source.  

6.2.17 Reversibility of bacterial aggregation 

E.coli displaying nMagHigh and pMagHigh were mixed in a 1:1 ratio to a final OD600 = 0.15. 

1 mL aliquots were added into an Eppendorf tube and the samples were placed on a rocker at 

10 rpm/min to prevent sedimentation. To switch the bacteria-bacteria interactions on and off, 

the samples were alternated between exposure to 1 h of blue light illumination and to 1 h in 

the dark for 2.5 cycles. At the end of each step, 300 µL bacterial solution was taken from one 

aliquot, transferred into an 8-well chamber and 200 µL 10% PFA solution was carefully 

added into each well for fixation. The samples were allowed to settle down for 2 h and 

subsequently images were acquired on the CLSM TCS SP8 and analyzed as described above. 

Bacterial sedimentation assay. 1:1 mixed or mono-cultures were prepared at a density of 

OD600 =1.00 as mentioned above. 200 μL aliquots of each bacterial culture were added into 

96-well plates at room temperature and either incubated under blue light (270 μW/cm2) or in 
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the dark. At different time points 50 μL solution from the top 25% of the well was transferred 

to a new 96-well plate, diluted with 50 μL PBS and the absorbance at 600 nm was measured 

on a plate reader (Tecan Spark). 

6.2.18 Quorum sensing activation 

E. coli MG1655 bacteria were co-transformed with the nMagHigh-eCPX (or pMagHigh-

eCPX) and Plsr-egfp plasmid (egfp gene is inserted into the vector pUA66 with lsr operon, 

kanamycin resistant). 10 mL tryptone broth (TB) medium containing 35 μg/mL 

chloramphenicol and 50 μg/mL kanamycin was inoculated with a single colony of either 

nMagHigh or pMagHigh-displaying bacteria and incubated overnight at 37 °C, at 250 rpm. 

The overnight cultures were diluted 1: 1000 into 10 mL TB medium supplemented with the 

antibiotics and 0.04% L-arabinose. The bacteria were cultured at 37 °C, at 200 rpm for 4 - 5 h 

until OD600 = 0.9. Both cultures were diluted with PBS to OD600 = 0.15, mixed in a 1:1 ratio 

and 300 µl bacterial solution was transferred into an 8-well slide. The samples were either 

kept under blue light (270 μW/cm2) or in the dark for 2 h at room temperature. The 

expression of the quorum-sensing reporter egfp was visualized with an inverted fluorescent 

microscope (DMi8, Leica) and the egfp signal was quantified with FIJI. For analysis with 

flow cytometry, samples were diluted 1:20 in PBS, cell aggregates were dispersed by 

vigorous mixing and the GFP fluorescence was measured with CyFlow ML flow cytometry 

(Partec, Germany).  

6.2.19 Biofilm formation assay 

Overnight cultures of E.coli expressing GFP and nMagHigh or pMagHigh were diluted to 

OD600 = 0.01 into LB containing 35 µg/mL chloramphenicol, 50 µg/mL ampicillin, 0.04% 

m/v L-arabinose and 0.5 mM IPTG and mixed in a 1:1 ratio. The bacterial co-culture was 

either transferred into a 96-well polystyrene plate (Greiner Bio-one, round bottom) (200 

µL/well) or 8-well slides (350 µL/well) and incubated for 48 h at 37 °C without shaking 

either under blue light (135 μW/cm2) or in the dark. Samples in the 96-well plate were rinsed 

with H2O, incubated with 200 µL 1% crystal violet (CV) solution for 15 min at room 
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temperature, the wells were rinsed three times with H2O. The remaining CV violet was 

solubilized by adding 200 µL of 30% acetic acid in water, 200 µL of the solution was 

transferred to a new flat-bottomed 96-well microplate and the absorbance at 550 nm was 

quantified using a plate reader. The samples in the 8-well slides were rinsed three times with 

H2O, z-stacks were acquired using the CLSM and the biofilm thicknesses were analyzed with 

3D reconstruction software from Leica. 

6.2.20 Metabolic cross-feeding assay 

Overnight cultures of amino acids auxotrophic strains transformed with nMagHigh-eCPX or 

pMagHigh-eCPX were grown from a single colony in LB medium supplemented with 20 

μg/mL chloramphenicol. The cultures were diluted 1:100 into 5 mL LB medium containing 

35 μg/mL chloramphenicol, cultured at 37 °C, at 50 rpm for 2 h and 0.04% m/v L-arabinose 

was added to the cultures when the OD600 = 0.4. The bacteria were cultured at 25 °C, at 250 

rpm for 4 h, before harvesting and washing twice with M9 salts (6 g/L Na2HPO4, 3 g/L 

KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl) by centrifugation at 25 °C,at 4000 rpm for 10 min and 

subsequently were resuspended in M9 medium to an OD600 = 0.1. For each co-culture 70 μL 

of bacterial solution of each strain was diluted into 560 μL M9 medium (M9 salts 

supplemented with 1 mM MgSO4·7H2O, 0.083 nM thiamine, 0.25 μg/L D-biotin, and 0.2% 

(wt/vol) glucose) in a 48-well microplate and incubated at 30 °C, at 300 rpm for 48 h, either 

in the dark or under blue light (135 μW/cm2). After 48 h, the OD600 was measured using a 

plate reader. For qPCR analysis of different bacterial strains, the cultures were frozen at -20 

°C, and diluted 5-fold before the qPCR reaction was performed following the manufacturer’s 

protocol with gene specific primers. 
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Nucleotide and amino acid sequences of optogenetic proteins 

nMagHigh 

Nucleotide sequence: 

ATGCACACACTATATGCTCCCGGAGGGTATGATATAATGGGATACCTAGATCAAATA

GGCAACCGTCCGAACCCGCAAGTGGAGCTGGGCCCGGTGGACACCAGCTGCGCG

CTGATCCTGTGCGACCTGAAGCAGAAAGATACCCCGATTGTGTACGCGAGCGAGG

CGTTCCTGTACATGACCGGTTATAGCAACGCGGAAGTTCTGGGCCGTAACTGCCGT

TTTCTGCAAAGCCCGGATGGTATGGTGAAGCCGAAAAGCACCCGTAAGTATGTTG

ACAGCAACACCATCAACACCATTCGTAAAGCGATCGATCGTAACGCGGAAGTGCA

GGTTGAAGTGGTTAACTTCAAGAAAAACGGCCAACGTTTCGTGAACTTTCTGACC

ATCATTCCGGTTCGTGATGAGACCGGCGAATATCGTTATAGCATGGGTTTTCAATGC

GAGACCGAAGGCGGTAGC 

 

Amino acid sequence: 

MHTLYAPGGYDIMGYLDQIGNRPNPQVELGPVDTSCALILCDLKQKDTPIVYASEAFL

YMTGYSNAEVLGRNCRFLQSPDGMVKPKSTRKYVDSNTINTIRKAIDRNAEVQVEV

VNFKKNGQRFVNFLTIIPVRDETGEYRYSMGFQCETEGGS- 

 

pMagHigh 

Nucleotide sequence: 

ATGCACACACTATATGCTCCCGGAGGGTATGATATAATGGGATACCTACGTCAAATA

CGCAACCGTCCGAACCCGCAAGTGGAGCTGGGCCCGGTGGACACCAGCTGCGCG

CTGATCCTGTGCGACCTGAAGCAGAAAGATACCCCGATTGTGTACGCGAGCGAGG

CGTTCCTGTACATGACCGGTTATAGCAACGCGGAAGTTCTGGGCCGTAACTGCCGT
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TTTCTGCAAAGCCCGGATGGTATGGTGAAGCCGAAAAGCACCCGTAAGTATGTTG

ACAGCAACACCATCAACACCATTCGTAAAGCGATCGATCGTAACGCGGAAGTGCA

GGTTGAAGTGGTTAACTTCAAGAAAAACGGCCAACGTTTCGTGAACTTTCTGACC

ATCATTCCGGTTCGTGATGAGACCGGCGAATATCGTTATAGCATGGGTTTTCAATGC

GAGACCGAAGGCGGTAGC 

 

Amino acid sequence: 

MHTLYAPGGYDIMGYLRQIRNRPNPQVELGPVDTSCALILCDLKQKDTPIVYASEAFL

YMTGYSNAEVLGRNCRFLQSPDGMVKPKSTRKYVDSNTINTIRKAIDRNAEVQVEV

VNFKKNGQRFVNFLTIIPVRDETGEYRYSMGFQCETEGGS- 

 

pMag 

Nucleotide sequence: 

ATGCACACACTATATGCTCCCGGAGGGTATGATATAATGGGATACCTACGTCAAATA

CGCAACCGTCCGAACCCGCAAGTGGAGCTGGGCCCGGTGGACACCAGCTGCGCG

CTGATCCTGTGCGACCTGAAGCAGAAAGATACCCCGATTGTGTACGCGAGCGAGG

CGTTCCTGTACATGACCGGTTATAGCAACGCGGAAGTTCTGGGCCGTAACTGCCGT

TTTCTGCAAAGCCCGGATGGTATGGTGAAGCCGAAAAGCACCCGTAAGTATGTTG

ACAGCAACACCATCAACACCAGTCGTAAAGCGATCGATCGTAACGCGGAAGTGCA

GGTTGAAGTGGTTAACTTCAAGAAAAACGGCCAACGTTTCGTGAACTTTCTGACC

ATGATTCCGGTTCGTGATGAGACCGGCGAATATCGTTATAGCATGGGTTTTCAATGC

GAGACCGAAGGCGGTAGC 

 

Amino acid sequence: 

MHTLYAPGGYDIMGYLRQIRNRPNPQVELGPVDTSCALILCDLKQKDTPIVYASEAFL

YMTGYSNAEVLGRNCRFLQSPDGMVKPKSTRKYVDSNTINTSRKAIDRNAEVQVEV

VNFKKNGQRFVNFLTMIPVRDETGEYRYSMGFQCETEGGS- 
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pMagFast1 

Nucleotide sequence: 

ATGCACACACTATATGCTCCCGGAGGGTATGATATAATGGGATACCTACGTCAAATA

CGCAACCGTCCGAACCCGCAAGTGGAGCTGGGCCCGGTGGACACCAGCTGCGCG

CTGATCCTGTGCGACCTGAAGCAGAAAGATACCCCGGTTGTGTACGCGAGCGAGG

CGTTCCTGTACATGACCGGTTATAGCAACGCGGAAGTTCTGGGCCGTAACTGCCGT

TTTCTGCAAAGCCCGGATGGTATGGTGAAGCCGAAAAGCACCCGTAAGTATGTTG

ACAGCAACACCATCAACACCATGCGTAAAGCGATCGATCGTAACGCGGAAGTGCA

GGTTGAAGTGGTTAACTTCAAGAAAAACGGCCAACGTTTCGTGAACTTTCTGACC

ATGATTCCGGTTCGTGATGAGACCGGCGAATATCGTTATAGCATGGGTTTTCAATGC

GAGACCGAAGGCGGTAGC 

 

 

Amino acid sequence: 

MH T L Y A P G G Y D I Met G Y L R Q I R N R P N P Q V E L G P V D T S C A L I L C D 

L K Q K D T P V V Y A S E A F L Y Met T G Y S N A E V L G R N C R F L Q S P D G Met 

V K P K S T R K Y V D S N T I N T Met R K A I D R N A E V Q V E V V N F K K N G Q 

R F V N F L T Met I P V R D E T G E Y R Y S Met G F Q C E T E G G S- 

 


