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ABSTRACT 

A SYNTHETIC BIOLOGY APPROACH FOR 

NANOMATERIAL DESIGN, SYNTHESIS AND 
FUNCTIONALIZATION 

 
Tolga Tarkan Ölmez 

PhD in Materials Science and Nanotechnology 

Advisor: Urartu Özgür Şafak Şeker 

November 2017 

 

Biological formation of inorganic material occurs in most organisms in nature. 

Various biomolecules such as polypeptides, lipids and metabolites are responsible for 

biomineralization in cells and tissues. Biological synthesis of biohybrid materials is a 

recently emerged discipline that uses these biomolecules in synthetic biological 

systems. Synthetic biology is one of most promising approaches for the development 

of biohybrid systems, and stands at the intersection of computer science, engineering 

and molecular genetics. Synthetic biology tools allow the design of programmable 

genetic toolkits that can compete with natural biosynthesis systems.  

The present thesis elaborates on the formation of well-controlled genetic systems that 

can synthesize and functionalize biological materials. Artificial peptides were fused 

to various genes through molecular genetics techniques, allowing the production of 

designer proteins. One aspect concerns the fusion of the 19 amino acid-long R5 motif 

of silaffin protein to three distinct fluorescent proteins. The R5 peptide motif can 

nucleate silica precursor ions to synthesize silica nanostructures. Therefore, fusion of 

fluorescent proteins with the R5 motif allows the synthesis and encapsulation of 

fluorescent silica nanoparticles.  Due to its affinity to silica, R5 tag was also shown to 

be a candidate tag for silica resin-based affinity chromatography purification.  

Using synthetic biology tools, production of autonomously formed biotemplating 

platforms can be achieved. A bacterial functional amyloid fiber biosystem called curli 

can be utilized as a biotemplating platform for nanomaterials synthesis in this 

context. The major curli subunit CsgA was fused to artificial peptides that can 

nucleate and synthesize various nanomaterials. Inducible systems were also 

integrated into the genetic design system to confer temporal control over curli 

synthesis.  
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These designs were improved through the incorporation of material-sensitive 

transcription factors and their cognate promoters for ions of cadmium, gold and iron. 

First, these material sensitive pairs were used in the development of microbial whole 

cell sensors that produce a fluorescence output upon induction by material precursor 

ions. Later, material-sensitive pairs were integrated into a modified curli nanofiber 

display biosystem to produce living autonomous whole cell nanomaterial 

synthesizers. These systems recognize precursor ions in the environment and 

synthesize modified curli nanofibers that can nuclate precursor ions to form 

functional nanomaterials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: R5 peptide, synthetic biology, curli fibers, nanomaterial synthesis 



iii 
 

ÖZET 

NANOMALZEMELERİN TASARIMI, BİREŞİMİ VE 

İŞLEVLENDİRİLMESİNE BİR BİREŞİMSEL BİYOLOJİ 
YAKLAŞIMI 

 
Tolga Tarkan Ölmez 

Malzeme Bilimi ve Nanoteknoloji, Doktora 

Tez danışmanı: Urartu Özgür Şafak Şeker 

Kasım 2017 

 

Organik olmayan malzemelerin diriksel bireşimi, doğadaki birçok canlı türü 

tarafından gerçekleştirilebilmektedir. Çoklu peptit, yağ ve diriksel ara ürün gibi diril-

özdecikler canlı hücreler ve dokulardaki diril-minerallenmeden sorumludurlar. Diril-

melez malzemelerin dirimsel bireşimi son yıllarda ortaya çıkan bir bilim dalıdır ve 

bahsedilen biyomolekülleri kullanarak malzeme sentezlemeyi amaçlar. Bireşimsel 

biyoloji, diril-melez dizgelerin geliştirilmesi açısından gizil gücü en yüksek olan 

bilim dallarından biridir ve kalıtım, mühendislik ve bilgisayar bilimlerinin kesişim 

noktasındadır. Bireşimsel biyoloji gereçleri programlanabilir ve doğal dizgelerle 

yarışabilir kalıtımsal dizgelerin geliştirilmesine olanak sağlar. 

Bu tezde, iyi kontrol edilen kalıtımsal sistemlerin oluşumu ile malzeme bireşimi-

işlevlendirilmesini sağlayan diriksel dizgelerin geliştirilmesi amaçlanmıştır. Doğada 

bulunmayan bazı peptitler kalıtımsal olarak bazı genlere kaynaştırılmıştır ve bu 

sayede tasarlayıcı proteinlerin bireşimi mümkün kılınmıştır. Bu amaçla, 19 amino asit 

uzunluğundaki silaffin R5 peptidi üç değişik florışıyan proteine kaynaştırılmıştır. 

Sonuç olarak, R5 peptidi ve florışıyan proteinin kaynaştırılması florışıyan silika nano 

parçacıkların bireşimi ve tutuklanması sağlanmıştır. R5 peptidinin silikaya ilginliği 

olduğu için, silika reçinesi tabanlı protein ayrıştırması için bu peptidin bir gizil gücü 

olduğu gösterilmiştir.   

Bireşimsel biyoloji kullanılarak, kendi kendine çalışabilen diriksel kalıplayıcı 

altyapılar oluşturulabilir. Bu amaçla, bakteriyel amiloyit iplik diriksel dizgeler olan 

curli diriksel kalıplayıcı altyapı olarak kullanılabilir. Ana curli yapıtaşı olan CsgA 

proteininin yapay peptitlere kaynaştırılması suretiyle çeşitli nanomalzemelerin bu 

yapılar etrafında çekirdeklenmesi ve bireşimlenmesi sağlanmıştır. Uyarılabilen 
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kalıtımsal dizgeler mevcut tasarıma eklenerek zamansal olarak kumanda edilebilen 

dizgeler oluşturulmuştur.   

Bu kalıtımsal tasarımlar, kadmiyum, altın ve demir elementlerine duyarlı 

transkripsiyon etkenleri ve transkripsiyon başlatıcı dizilerin eklenmesi suretiyle 

ilerletilmiştir. Elementlere duyarlı ikililer, ön element varlığında florışıma yapabilen 

tüm hücre algılayıcılarının oluşturulmasında kullanılmıştır. Daha sonrasında 

malzemeye duyarlı bu ikililer, curli nano iplik sergileyici dirik dizgelerine 

eklemlendirilerek yaşayan özerk tüm hücre algılayıcılarının oluşumu sağlanmıştır. Bu 

dizgeler çevrede bulunan ön elementleri tanıyarak curli nano iplik tabanlı 

nanomalzemelerin bireşimini sağlarlar.   
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CHAPTER 1 

Introduction 

1.1. Bionanotechnology, Bio-nanomaterials and Their 

Synthesis 

Bionanotechnology is an emerging branch of nanotechnology that concerns the use of 

biological systems for the fabrication of nanomaterials. Engineering, biology and 

nanosciences are at the heart of this discipline [1]. Nanotechnology is the 

investigation of material properties at the nanoscale, and although nanotechnology 

and nanoscience research has been limited to the physics and chemistry until recently, 

principles of nanosciences and nanotechnology are also applicable to biology. 

Richard Feynman is widely quoted for the adage that he once wrote on his 

blackboard: “what I cannot create, I do not understand” [2]. Therefore, a complete 
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understanding of biology requires the use of nano-sized biological objects to design 

and implement novel biological machineries [3]. These nano-sized biological objects 

are broadly called biomolecules.  

In bionanotechnology, any type of biomolecule can be utilized to attain novel 

functions [4]. Biomolecules (biological materials) are the organic and inorganic 

functional subunits of life; such as proteins, fats, carbohydrates, metal ions and 

nucleic acids. Chemical structures and primary capabilities of biomolecules are well 

understood. However, this understanding does not provide an explanation to certain 

aspects of life, such as the genome, which contains all hereditary information for 

organisms despite being relatively simple in structure. As such, the structure and 

functions of biomolecules do not by themselves explain the phenomena of cellular 

compartmentalization, organelles and biological systems, since biological complexity 

is intricate and sometimes behaves unexpectedly [5]. Emergent properties of 

biomolecules could be of use for the development of novel materials via 

bionanotechnology [6].  

Proteins function as structural components, usually by reacting with other 

biomolecules or by self-assembly (collagens, amyloids, actin filaments etc.). These 

proteins can be found either as a single functioning unit or as part of a bigger 

biosystem. Light reactions of photosynthesis are an example of biosystem 

complexity. Photosynthetic complexes occur on the thylakoid membrane of 

photosynthetic organisms, with photosystems I/II and ETC (electron transport chain) 

acting as light absorbers and electron conveyers [7, 8]. These protein complexes have 



3 
 

many protein domains (photosynthetic reaction centers, oxygen evolving complex, 

phylloquinone, plastocyanin, ferredoxin etc.) [9]. All the harvested energy and 

electrons are directed to the ATP synthase, which then uses the electron/proton 

gradient to synthesize ATP (adenosine tri-phosphate) from ADP (adenosine di-

phosphate) while producing H2O from O2. Multi-component systems are abundant in 

biology and responsible for providing biosystems with their complexity and high 

degree of functionality. This degree of complexity is formed through evolutionary 

processes that exert their selective power over many generations.  

Biological devices are generally conceived as a short-cut to these aeon-spanning 

evolutionary processes, although they are still outdone by natural biological systems 

in terms of performance [10]. Therefore, tools of biology and engineering are used to 

design novel biological systems or devices that could allow us to attain emergent 

properties from organisms. These devices generally depend on biological machinery 

to function, and biomolecules are utilized as substrates and products.  

1.2. Functional Bio-nanoconjugates for Biotechnological 

Purposes 

Nanomaterials are predominantly synthesized through chemical and physical 

methods, although biological ways to synthesize biomaterials have recently received 

considerable attention. Biological synthesis of nanomaterials has certain advantages, 

such as synthesis in an aqueous environment, ambient temperature, pH or pressure, as 
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well as the hereditary transmission of the biological machinery that is responsible for 

the synthesis process[11]. Biological materials can also be combined with chemically 

or physically synthesized precursors to speed up the process or increase reliability. 

Additionally, these methods may allow the incorporation of non-bioavailable 

materials into materials design. For example, peptides that are synthesized based on 

an initial DNA sequence may be further altered by genetic recombination, genetic 

library production or mutation, allowing the peptide sequences to be modified and 

selected according to the biotechnological application of interest [12].  

Many organic and/or inorganic conjugates are used in the fabrication of 

bionanomaterials. In one study, TiO2 nanoparticles were coated with a monoclonal 

antibody (anti-human-IL13α2R) to target a corresponding surface antigen that is 

overexpressed in GBM (glioblastoma multiforme), a highly malignant and destructive 

cancer of astrocytes [13]. These nanoparticles could overcome the blood-brain barrier 

(BBB) without disturbing its structure, which is generally impervious to moderately-

sized or lipid-insoluble drugs [14]. Another study reported the development of an 

assay based on CdSe QD (quantum dot) nanoparticles that are immobilized on 

carboxylated graphene oxide and conjugated with biotinylated EpCAM (epithelial 

cell adhesion molecule) antibodies, which facilitate the dissolution of the QDs in 

response to their specific antigen [15]. Tyrosinase conjugated AuNPs (gold 

nanoparticles) have been reported to provide an easy and effective method for the 

electrochemical bio-detection of pesticide-associated phenolic compounds in aqueous 

solutions and on soil [16]. Green light emitting firefly luciferase from Photinus 
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pyralis was linked to semiconductor quantum dots through a hexahistidine linker in 

order to produce a BRET (bioluminescence resonance energy transfer) responsive 

material [17].  An artificial photosynthetic biosystem was also developed through the 

hybridization of a Co-P anode-cathode catalyst (serving as the inorganic water 

splitting component) with the H2-oxidizing bacterium Cupriavidus necator, and the 

system was shown to transform the sunlight and water into liquid fuel without any 

photosynthetic enzymes and with greater efficiency than natural photosynthesis [18].  

DNA itself is used to make nanostructures of precise shapes and highly intricate 

designs, such as 100 nm-sized smiley faces. Long sequences of ssDNA (~7 kilobase) 

are typically employed as scaffolds for these 2D structures, and an array of short 

staple sequences (200 base) are used for ushering the self-assembly process by the 

Watson-Crick theory of base pairing [19]. Computational precision is the limiting 

factor for designing more complex structures with this technique, which is called 

DNA origami. With the emergence of more advanced tools to facilitate the 

construction of better designer strands and rigid 3D structures, DNA nanotechnology 

looks to be one of the most promising aspects of bionanotechnology [20]. DNA 

arrays are also used as templates for the periodic 2D organization of conjugated 

nanoparticles [21, 22].  
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Figure 1.1: 2D and 3D DNA origami designs and final structures. Reprinted with 

permission from reference [20].  
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1.3. Importance of Synthetic Biology in Biotechnology 

Synthetic biology is a relatively recent scientific discipline that aims to utilize 

engineering principles in biology in order to redesign existing biosystems or construct 

novel functional equivalents. It is an attempt to combine the expertise of biologists, 

engineers and computer scientists. Since the target objects are living organisms and 

viruses, tools that concern synthetic biology can be considered to be similar to these 

used by biotechnology and molecular biology [12, 23].  

Unlike conventional molecular biology, synthetic biologists approach DNA 

sequences as functional parts in a manner analogous to the device elements used in 

the design of electronics. The basic elements used for this purpose called genetic 

parts. Genetic parts are known DNA sequences that produce a particular output in 

response to a relevant input in a meaningful genetic context. Examples of genetic 

parts include but are not limited to promoters, genes of interest, terminators, rbs 

(ribosome binding site), operators and origins of replication. Genetic parts are vital 

for the development of complex designs in synthetic biology, and interactions 

between individual genetic elements must be thoroughly characterized to ensure 

optimal device output [24]. As such, determination of part quality is crucial for 

creation of the successful synthetic biosystems. Quality of genetic parts are generally 

determined semi or fully quantitatively, e.g. promoter strengths can be measured and 

compared by designing a biodevice that contains the same reporter gene and differs 

only in the promoter region. Modularity of parts (changeability) is critical for 
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synthetic biosystems, as one should be able to easily change any part in a genetic 

device and obtain a corresponding change in function. Just like promoter strengths, 

one can measure the transcriptional rate of a genetic device (transcriptional unit) by 

counting the number of RNA polymerases within the DNA coding region [25]. 

Modularity of parts confers changeability to the system and almost nullifies the effect 

of neighboring sequences on that part. Part orthogonality is the discrete activation of 

each part and enables one to independently activate each biodevice without 

significant noise [26]. All efforts involved in the characterization of genetic parts can 

be classified as genetic part standardization [27]. Synthetic biology aims to build 

complex structures from simple and standardized genetic parts. Consequently, an 

important step forward is to constitute a hierarchy between synthetic modules, from 

parts to devices and finally to systems. This is called abstraction hierarchy. Output 

signal of a genetic device, which is in turn consists of well-defined genetic parts, can 

be an input for another device, and multiple devices can act as a single functional unit 

called genetic systems [28]. 

One may consider the life as a process, neither completed nor perfect. This 

imperfection is intriguing and important for synthetic biologists, as it stands as 

testament to the fact that there is still room for improvement in biology [29]. As such, 

synthetic biology aims to revisit the current biosystems and refactor them by 

changing the “genetic parts” that they contain, or transferring the whole genetic 

system to a new organism with required modifications. For example, researchers have 

transferred the biochemical pathway involved in the synthesis of artemisinin –a 
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powerful antimalarial drug- from Artemisia annua (sweet wormwood) to 

Saccharomyces cerevisiae in order to reduce the cost and meet the drug demand [30]. 

It was likewise possible to refactor the nitrogen fixation mechanism (from 

atmospheric N2 to NH4) that is originally found in Klebsiella oxytoca. The nitrogen 

fixation cluster contains many genes and a number of operons that are closely located 

in the genome of K. oxytoca. Non-coding DNAs, unnecessary genes and 

transcriptional regulations on this gene cluster were methologically detected and 

eliminated through computative methods, and synthetic promoters and regulatory 

systems were added to simplify the cluster and decrease noise. Lastly, the entire 

modified cluster was synthesized from scratch by DNA synthesis and transformed 

into Escherichia coli to produce a strain that is able to fixate nitrogen from the 

atmosphere [31]. Craig Venter and his team have successfully transformed the 

synthetically synthesized genome of Mycoplasma mycoides bacteria to another 

species (Mycoplasma capricolum) that had its original genome deleted. The new 

bacterium contains the synthetic genome and capcicolum’s cytoplasm and shows the 

same phenotypic characteristics of M. mycoides [32]. The same team performed 

genome-wide refactoring on the same synthetic species (M. mycoides JCVI-syn1.0), 

reducing its genome (from 1.08 to 0.531 Mbp) and number of genes (from 901 to 

473) by half, comparable to the smallest genome known in free-living organisms (M. 

genitalium) [33]. One of the best ways of understanding life is to approach its 

problems from a non-life perspective, which the approach is taken by synthetic 

biology. In one study, bioethanol production from brown algae was achieved by 

refactoring the S. cerevisiae metabolism, producing a co-fermentation system that 
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contains both algal and fungal cells. In this system, S. cerevisiae is engineered to 

uptake alginate and upregulate its mannitol synthesis, allowing it to approach the 

theoretical limits for sugar to ethanol conversion [34].  

 

Figure 1.2: Brophy et al. conceptually show the integration of circuits into a complex 

biosystem that could secrete drugs to the interior of the human gastrointestinal tract in 

a controlled manner. Control on dosage is conferred by an analog circuit operated by 

drug and quorum sensing signals. Reprinted with permission from reference [35]. 

Genetic parts, devices and systems frequently trigger complex outputs when 

introduced into metabolic pathways. However, researchers have successfully 

designed cells that behave like computer transistors, giving simple signals such as 1’s 

and 0’s. Genetic logic gates behave just like the conventional logic gates of 

electronics, obeying Boolean logic operations. In E. coli, a genetic AND gate (and 
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other logic gates as well) was designed to produce a positive signal only in the 

presence of two inducers, such as arabinose and tetracycline [36, 37]. Logic 

operations inside the genetic black box can be as complex as needed, but the output 

depends on the co-existence of both inducers inside the media for the AND gate. T7 

polymerase, which is needed to bind the promoter region of a reporter (output) gene, 

can also be controlled at two levels: A promoter that will direct T7 synthesis can be 

designed to activate only in the presence of certain inducers, while a second inducer 

can be used to initiate the translation of the T7 polymerase mRNA, which is designed 

to be inactive following synthesis [38]. Genetic logic gates can be permanent and 

amplified through the addition of recombinase recognition sites flanking the 

functional sequences (such as the gene of interest and its terminator). Recombinases 

that are produced in response to an inducer can then invert the sequence flanked by 

these recognition sites and reverse the response of that genetic device [39]. A study 

reported the formation of all 2-input logic operations (total of 16 operations) and 

measured their device performance over 90 generations without significant loss in the 

function of the logic gates [40]. Biological state machines are biosystems that 

respond specifically to the order of inputs as well as the number of the inputs. Being a 

kind of synthetic memory device, these systems can increase the information that is 

stored in the DNA exponentially as the input elements are increased. Researchers 

devised a state machine that can excise a particular target sequence or invert the 

sequence to create memory states, allowing 2-input, 5-state machines and 3-input, 16-

state machines to be built [41]. Tape recorder type biological devices were also 

designed to genomically encode the exposure time and magnitude of transcriptional 
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signals [42]. Simpler synthetic memory devices were likewise built in yeast and 

mammalian cells [43, 44]. Digitized signals also result in information loss in 

electronics and biology. Many biological inputs result in intermediate signals which 

may direct the regulatory machinery to decide whether or not to make more of the 

same protein. These positive and negative feedback mechanisms can be utilized to 

design novel synthetic genetic networks and operations: In one study, the output 

signal was successfully tuned to respond to a specific input over a wide concentration 

regime (4 orders of magnitude) [45]. Biocontainment approaches are valuable for 

bioengineering efforts, as classical kill switches such as toxin-antitoxin or natural 

auxotrophy systems are vulnerable to resistance conferred by horizontal gene 

transfers, mutation driven natural resistance or symbiotic assistance [46]. In another 

study, edge-detecting bacterial cells were developed to create a basic biological 

printing method based on the sensing of light and dark borders. Dark cells produce a 

quorum sensing molecule that is received only by the light-exposed cells, causing 

them to produce positive signals [47].   
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Figure 1.3: Examples of advanced synthetic biology circuits. (a) The relaxation 

oscillator is an advanced version of the classical genetic oscillator and outperforms 

previous designs in terms of signal quality, robustness and stability. (b) 

Recombinase-based genetic logic gates allow permanent logic operations that can be 

amplified. (c) Genetically encoded edge-detection circuits work by light activation 

through a mask that defines the edges through the sender-receiver distance. Reprinted 

with permission from reference [27]. 
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1.4. Synthetic Biology for the Synthesis of 

Bionanomaterials 

Synthetic biology applications range from the fabrication of life-like synthetic 

materials to the design of enormously complex biological systems [48]. Efficient 

spatial and temporal control on the biological material is crucial for the achievement 

of advanced synthetic biology-based nanomaterials [49]. Usually, the available 

biological tools and design principles dictate the limitations, performance and 

applicability of synthetic biological systems [50]. Synthetic biology offers a way to 

form stronger connections between natural materials and their synthetic counterparts 

[51]. Advanced hybrid synthesis techniques and greater control on bio-nano-

interfaces can be achieved by synthetic biology tools and perspectives [52]. 

Abstraction hierarchy (i.e. the use of modular parts for the design of devices, which in 

turn are integrated into systems) can assist in the creation of multi-scale complex 

bionanomaterials in the future [53].  

Current DNA nanotechnology devices are generally based on the DNA origami 

method. DNA nanotubes for NMR, 2D DNA crystals for cryo-TEM, chiral plasmonic 

nanostructures, origami barcodes as fluorescence probes and DNA nano-robots are 

some examples of this category [54-59].  

Viral biosystems are extensively used in the making of bionanomaterials due to their 

ease of genetic manipulation and unique physical and biological properties. In one 
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study, researchers used the M13 virus to fabricate a high power lithium-ion battery by 

appending amorphous iron phosphate- and SWCNT (single-walled carbon 

nanotubes)-binding sequences to two viral genes [60]. Other materials were also used 

for the same purpose [61-63]. Another study involved the synthesis of multiple 

hybrid nanomaterials on viral surfaces through IrO2 and Au binding peptides, 

allowing the production of a virus-templated bionanomaterial that can be utilized in 

electrochromic applications [64]. 

Protein-based approached are also frequently used for bionanomaterials synthesis. 

Voigt group reported the secretion of three structurally and functionally different orb 

weaving spider (Araneus diadematus) silk proteins ADF1,2 and 3 from Salmonella 

species through extensive modifications to the T3SS (Type 3 secretion system) [65]. 

Magnetotactic bacteria (e.g. Magnetospirillum magneticum, Desulfovibrio 

magneticus) are capable of synthesizing magnetite nanoparticle structures within 

organelles called magnetosomes [66]. Magnetic particles and magnetosome 

machinery proteins have been used in the development of protein-protein interaction 

detection and plant DNA extraction systems, as well as in the production of magnetic 

particles and surface display elements in various crystal geometries [67, 68]. 

Synthetic biology principles have also been used in the design of genetic elements 

that confer super-paramagnetic properties to mammalian cells, through the ectopic 

expression of hFTH1 (human ferritin heavy chain 1) and exogenous expression of 

DMT1 (divalent metal ion transferase 1) [69]. Conductive pilin-like nanostructures 

(microbial nanowires) that are expressed by Geobacter and Schwanella species have 
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likewise been used to design novel nanostructures for electrosynthesis and 

bioelectronics applications [70]. Bacteria normally use these long appendages to 

reach electron acceptors (iron oxides) in physiologically relevant conditions [71, 72]. 

In addition to the use of natural sequences, mutation screenings have also been 

performed on these proteins to increase their conductivity through the addition of 

aromatic peptides [73]. Curli, another cellular appendage that is produced by 

members of Enterobacteriaceae, has also been used for multi-scale inducible 

biomaterial production [74, 75]. In one study, mechanistic properties of normal and 

modified curli fibers were assessed for their potential in tenability [76]. Curli fibers 

were also genetically modified to obtain conductive curli nanofiber structures [77]. 
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CHAPTER 2  

Autonomous Synthesis of Fluorescent Silica 

Bio-Dots Using Engineered Fusion Proteins  

2.1. Introduction 

2.1.1. Biominerals for Nanotechnology 

Biomineralization is the process in which the organisms incorporate minerals into 

organic molecules or structures. Diatoms, sponges, mollusks, coral reefs and 

vertebrates possess biostructures that are hybridized by minerals. Silicates, carbonates 

and calcium phosphates are the most common materials used for the 

biomineralization of tissues or cells. Some microorganisms also possess the ability to 

form deposits of gold, copper and iron. Biomineralized structures are highly complex 
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and hierarchically ordered (from Angstroms to meters) and mineralizing organisms 

require high levels of control to form such structures. Proteins or polysaccharides 

have intricate roles in this process, most of which remain undiscovered. Those 

structures enhance the physical and chemical characteristics of organic molecules. 

Biomineralization allows the synthesis of highly diverse and intricately complex 

biostructures that are formed from the assembly of basic ions. The enzymes and 

pathways responsible for the biomineralization phenomenon are numerous, but the 

current body of knowledge is insufficient for the de novo creation of a 

biomineralization scheme, due to the complexity of hierarchical reorganization of 

ions into macrostructures by biosynthesized molecules such as proteins or 

polysaccharides.  

Although well-established chemical and physical methods exist for nano/micro-

material synthesis [78], these approaches are often obliged to use environmentally 

harmful substances in greater amounts and reactions generally take place in extreme 

conditions in terms of the solution pH, humidity, environmental pressure and 

temperature. In contrast, biological synthesis generally happens at ambient conditions 

and involves harmless substances in minute quantities, which is better for the 

environment [79, 80]. Some of the advantages of biological synthesis methods can be 

replicated through living biohybrids that encapsulate yeast or bacterial cells that 

maintain their metabolic activity, as well as conceptual whole cell biosynthesizers 

that can perform biomineralization at ambient conditions [81, 82]. However, bottom-
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up biosynthesis of complex, hierarchical silica nanostructures depend on the 

development of strict temporal and spatial control on a genetic multi-input biosystem.  

One of the aims of bionanotechnology is to reveal these intricate relationships 

underlying the synthesis of organic-mineral (biotic-abiotic) hybrid structures. 

Synthetic biology emerges as a bionanotechnology branch with tools that enable 

researchers to consistently control the synthesis and activation of biomaterials. The 

design principles of this discipline originate from principal genetic techniques, which 

are combined with an engineering perspective and recent technological advances to 

develop novel materials. Genetic systems can be designed to control and study 

biomineralization events and also for the development of novel bionanostructures.  

2.1.2. Diatoms as a source of Inspiration for Biomaterial Synthesizers 

Biological synthesis and assembly of inorganic solid nanostructures are performed by 

most organisms in nature [83, 84]. Many organisms are capable of synthesizing 

materials to form hard tissues such as bones, teeth and shells [85]. Bone and cartilage 

formation in vertebrates, the hard shells of many mollusks, coral reefs and diatom 

frustules are examples of biomineralization processes that allow these organisms to 

incorporate inorganic materials into highly ordered hybrid biostructures. Those 

structures confer structural integrity and rigidity for the organic phase, protect the 

organisms from predators and certain physical threats, and contribute to the structure 

and function of many proteins as cofactors. For instance, biological apatite crystals 

possess well-defined elemental compositions and crystal structures that are 
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responsible for imparting hard tissues such as bone and teeth with their characteristic 

properties. Extracellular matrix (ECM) proteins regulate the nucleation and growth of 

these biological apatites during hard tissue development [86-88]. The formation of 

the layered shell structure of mollusks is also regulated by peptides and proteins. 

Inorganic CaCO3 and organic biopolymers provide the toughness and fracture 

strength of nacre [89, 90].  

Diatoms are microscopic unicellular algae that can synthesize silica nanostructures 

around the cell membrane to keep themselves protected from external threats. Silica 

cell walls (frustules) of diatoms have intriguing shapes and enhanced optical 

properties that help in the light harvesting process of photosynthesis. Newly divided 

diatom cells retrieve half of the old frustule from the mother cell, while the other half 

is produced from silica precursors [91]. Diatoms can produce silica nanostructures 

under ambient conditions from hydrolyzed silicic acid precursors by actively 

pumping those ions into the cytosol from the outside. Apart from diatoms, some 

dicotyledonous plants, choanoflagellates, radiolarians, limpet snails and sponges 

internalize silica as monomeric ions by organs such as roots or directly by their cell 

membrane pores.  
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Figure 2.1: Diatom frustule structural hierarchy. Reprinted with permission from 

reference [92]. 

Diatoms perform high level of biomineralization using silica as a central molecule. 

Silica that is dissolved (silicic acid) in minute quantities in the ocean is actively 

pumped into the diatom cytosol through specialized uptake pathways. A subcellular 

structure, called the silica deposition vesicle, is the starting point for 
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biomineralization in diatom cells, and an unknown mechanism transports the half-

frustule formed in this structure to the external surface of the diatom, where both 

halves are fused by a silica-based girdle band. All reactions in this process are 

performed in neutral or slightly acidic conditions under atmospheric pressure and at 

average temperatures. Little is known about why and how these mechanisms act to 

form extremely diverse diatom nanostructures that are ordered and repeatable through 

the generations of these organisms.  
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Figure 2.2: ~300 diatoms manually placed by hand to exhibit diatom biodiversity and 

frustule morphologies. Reprinted with permission from reference [92]. 
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Incorporation of biosynthesized materials into bio-structures is a well-controlled 

process that occurs nearly in every organism. Among bio-integrated minerals, silica is 

among the most commonly used material (second only to calcium), which makes 

silica one of the principal biocompatible minerals. Biogenic silica is almost always 

amorphous, and several charged biomolecules and polypeptides help and direct the 

formation of silica nanostructures. Those biomolecules strictly control the bio-

mineralization process and lead to the formation of nano-patterned silica 

nanostructures. Diatom silica structures (frustules) are a prominent example of tight 

nano-scale control on silica. Frustule features of diatoms are heritable, meaning that 

the same silica structures occur within the same species. Existence of genetic 

components of silica biomineralization is apparent, while the exact composition and 

temporospatial information of silica synthesis are unknown. Biomolecules that are 

responsible for the synthesis of silica structures can be classified as silica interacting 

molecules (SIMS), well known examples of which are the silaffins of diatoms, 

silicatein of sponges, silicidins, LCPA (long chain polyamines) and cingulins. 

Frustules can be in any shape and size and controlled by the levels of certain proteins 

and sugars incorporated into the 3D structure of frustules. The frustule confers many 

characteristics to the diatoms: it increases the survivability of the host, enhances 

photosynthetic efficiency, protects the DNA, regulates material transfer from the 

outside, and helps suspension in the ocean. Frustules are composed of hierarchical 

nanostructured species-specific patterns. Frustule structures have been shown to 

enhance the conversion of light to chemical energy by increasing the interaction of 

photons with light harvesting molecules and focusing light onto chloroplasts [93, 94]. 
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Figure 2.3: Cylindrotheca fusiformis ultrastructures by TEM (Transmission electron 

microscope). A shows the isolated frustule structure. Black bar is 2.5 µm. B and C 

show the close-up view of the cell membrane and the transfer of the SDV (silica 

deposition vesicle) to the membrane (nascent SDV is shown by arrow, arrowhead 

shows the secreted form). White bar is 100 nm.  

2.1.3. Silica synthesizing proteins 

Although frustules are composed almost entirely of silica; silicifying peptides and 

polysaccharides contribute to the 3D organization of this mineral [95, 96]. Among 

diatom silica cell wall-related proteins, silaffins are central as a template for the 

synthesis and hierarchical order of frustules.  

R5 peptide (amino acid sequence: SSKKSGSYSGSKGSKRRIL) is a well-studied 

subunit of the silaffin protein of Cylindrotheca fusiformis and has been shown to 

induce silica structure formation from silica precursors like silicic acid [97]. Studies 

also show that bacteria-synthetized R5 peptide can induce the synthesis of silica 
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nanoparticles from precursor molecules [98]. Several studies have demonstrated the 

potency of R5 peptide in synthesizing silica nano/microstructures capable of 

encapsulating protein cargo [99-102]. Additionally, the fusion of R5 with GFP was 

shown to induce the formation of silica nanoparticles while allowing protein 

purification by histidine tagging or S-tagging [103, 104]. Diatom silaffin peptide is 

shown to be responsible for the initiation and maturation of silica cell wall formation. 

In one study, the native silaffin protein was isolated by ammonium floride solution 

(which dissolves the silica frustule) and isolated proteins were used to reform silica 

nanostructures of 100-1000 nm in size. In addition, it is known that the fifth basic 

repeat of silaffin peptide (called the R5 peptide) is critical for the polycondensation of 

silicic acid into silica structures. The RRIL end of the 19 aa-long R5 peptide is 

critical for silica condensation, and its deletion leads to the loss of this function. The 

silaffin protein also contains the conserved KXXK motif, which is highly positively 

charged and assists in silica nanoparticle formation in ambient conditions (neutral pH 

and room temperature). 

2.1.4. Fluorescent Proteins in Basic and Applied Biological Sciences 

Fluorescent nanoparticles have been of great interest for many applications because 

of their unusual stability and optical properties (such as narrow emission spectrum). 

Among florescent nanoparticles, quantum dots have been investigated and developed 

for a particularly broad range of applications. They have excellent optical properties 
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that are useful for applications in physics, but a major drawback for their use in 

humans is their inherent toxicity [105, 106].  

Fluorescent proteins are proteins that fluoresce when the incident light is in a certain 

wavelength range. Fluorescent proteins are of considerable interest for the majority of 

molecular biology experiments. They are useful for fusion protein studies and as 

reporter molecules. Their primary importance is that their DNA sequences are well-

characterized and can be used in any recombination studies as a protein conjugate and 

reporter of a target signal. Fluorescent proteins are heavily used in synthetic biology 

designs since fluorescence intensity can be quantitatively measured and it is rapid and 

easy to visualize fluorescence. Many proteins that fluorescence in various colors of 

the visible spectrum is derived from other fluorescent proteins by various methods, 

including directed evolution. Fluorescent proteins (FPs) have various other 

characteristics that make them useful candidates for use in biotechnology, such as a 

long shelf life, high fluorescence intensity, and long fluorescence lifetime, high 

stability of the fluorescence signal, and resistance to photobleaching, fluorescence 

maturation, fluorescence quantum efficiency, signal peak intensity and degree of 

Stokes shift.  

2.1.5. Purification Tags in Molecular Biology 

Affinity tags have found extensive use in biology to recover proteins from whole cell 

extracts in high purity [107]. Rapid and cost-effective methods for protein affinity 

purification have been developed using silica tags [108, 109]. Silica tags such as 
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Ribosomal protein L2, CotB1p and Car9 are utilized as silica-interacting molecules 

and show affinity for silica gel matrices or surfaces due to their positively-charged (R 

or K-rich) compositions [110]. The majority of affinity tags must be cleaved by 

enzymes from the target protein to ensure the latter’s function, avoid immune 

response or allow crystallization [111].  

Tag purification steps are time, money and energy consuming while bifunctional tags 

can be utilized in both purification and synthesis of nanoparticles. Development of 

biocompatible fluorescent particles having optical properties that are comparable to 

quantum dots is of great importance for applications in biomedicine. When fused to a 

fluorescent protein (FP), R5 can nucleate silica around the FP in a manner analogous 

to the formation of diatom frustules. Silica-binding peptide can also be used as a 

fusion tag for fluorescent proteins (FPs) prior to the synthesis process, enabling both 

the purification of the fusion protein in a silica gel matrix and formation of silica 

particles from precursor molecules.  

2.2. OBJECTIVE OF THE STUDY 

Formation of biological materials is a well-controlled process that is orchestrated by 

biomolecules such as proteins. Proteins can control the nucleation and mineralization 

of biomaterials, thereby forming the hard tissues of biological organisms such as 

bones, teeth and shells. In this study, the design and implementation of 

multifunctional designer proteins are demonstrated for fluorescent silica 

micro/nanoparticle synthesis. The R5 motif of silaffin polypeptide, which is known 
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for its silicification capability, was fused genetically into three spectrally distinct 

fluorescent proteins with the intention of forming a modified fluorescent protein 

toolkit. Three functional fusion constructs have been designed, including GFPmut3-

R5, Venus YFP-R5 and mCherry-R5. The bifunctional R5 peptide domain serves as a 

tag to provide silica synthesis at ambient conditions. The R5 peptide tag is also 

responsible for facilitating the purification of modified fluorescent proteins through a 

silica gel resin.  

 

Figure 2.4: Characteristics of silica particle synthesis. The model describes silica 

particle synthesis by R5 peptide conjugated to fluorescent proteins. 

Silica-specific design principles and the use of bifunctional tags are the novelty in 

this study. The aim was to replicate the silica synthesis process using bacterial cells, 

with the additional possibility of genetically modifying and tuning the nanoscale 

characteristics of synthesized silica. The resulting bio-enabled particles are expected 

to be inspirational in mimicking the structure of diatom frustules.  
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2.3. MATERIALS AND METHODS 

2.3.1. Cloning of Fluorescent Proteins 

GFP-R5 and R5-GFP fusion cassettes were produced by four successive PCRs using 

GFPmut3 as a template. R5 peptide (H2N – SSKKSGSYSGSKGSKRRIL – CO2H) 

coding DNA sequence was added to the 3’ and 5’ end of the FP coding DNA 

sequences. GS flexible linkers are motifs of glycine and serine that are used in 

varying numbers and allow the separated folding of adjacent parts. Three repeats of 

GGGGS were inserted between the FPs and R5. PCR was performed using Q5 DNA 

polymerase (NEB, USA), and the reaction mix was prepared according to the 

manufacturer’s protocol. Tm (melting temperature) was calculated using IDT oligo 

analyzer software. The PCR reaction setup was as follows; initial denaturation (98 

°C, 30 sec), 5 cycles of amplification for the primer-binding region of DNA through 

denaturation (98 °C, 10 sec), primer annealing (Binding Tm, 30 sec) and extension 

(72 °C, 30 sec/kb), 30 cycles of amplification for the total primer length through 

denaturation (98 °C, 10 sec), primer annealing (Total Tm, 30 sec) and extension (72 

°C, 30 sec/kb), and final extension for 5 minutes. Resulting amplicons and the vector 

was KpnI and MluI (NEB, USA) digested, and the gel was extracted and ligated by 

T4 DNA ligase (NEB, USA) according to the manufacturer’s protocol.   

To produce YFP-R5 and mCherry-R5 cassettes, a E. coli codon-optimized R5 

peptide-coding sequence was artificially synthesized (Sentegen, Turkey). Each 

genetic part was then PCR-amplified to include homologous regions. These parts 
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were then ligated into an anhydrotetracycline (aTc) inducible pZA vector using the 

Gibson assembly protocol [112]. To amplify the DNA sequence of the YFP and 

mCherry, pZS2-123 plasmid was utilized (Addgene #26598) [113].  

Ligated plasmid constructs were then transformed into chemically competent E. coli 

DH5α PRO strain by standard heat-shock transformation protocol. Colonies growing 

on antibiotic agar plates supplemented with chloramphenicol (35 µg/mL) were 

chosen, and all FP-R5 constructs were verified by DNA sequencing. Amino acid 

sequences of proteins and nucleotide sequences of DNA were listed in Appendix. 

2.3.2. Overexpression of the Fusion Proteins 

Following DNA sequence verification, E. coli DH5α PRO strains that contain FP-R5 

expression constructs were grown in low salt LB medium (tryptone 10 g/L, yeast 

extract 5 g/L, NaCl 5 g/L) supplemented with chloramphenicol. At an OD600 of 0.6, 

aTc (100 ng/mL) was added to each bacterial culture. Following induction, the 

cultures were incubated for 8 hours in a 30 °C (20 °C for mCherry-R5) shaker at 200 

rpm, and the cultures were then harvested by centrifugation at 5,000g for 15 min at 4 

°C and suspended in extraction buffer (20 mM Tris, 2 mM EDTA, pH: 7.5). Total 

protein extraction was performed by probe sonication for 5 min (10/10 seconds on/off 

regime). Then, extracts were centrifuged at 15000 g for 1 h, and supernatant was 

retrieved for later use.   
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2.3.3. Purification of Tagged Proteins via Silica Resin 

Purification of R5-tagged proteins was performed according to the protocol by Coyle 

et al. [114] with modifications. Silica gel matrix was prepared by washing silica 

microspheres (Sigma) with sizes of 60 – 220 mm with protein extraction buffer. 

Protein extracts were incubated with the silica gel overnight at 4 °C while agitated, 

and the gel was then washed several times with 10 mM of L-lysine solution in protein 

extraction buffer to remove excess R5-FPs and unbound solutes. Elution was 

performed by adding 1 M of L-lysine containing 2% glacial acetic acid to the silica 

gel/total protein mixture. Elution fractions were collected for SDS-PAGE gel 

analysis. Purified protein concentrations were determined by bicinchoninic acid assay 

(BCA, Pierce). Bifunctional protein molecular weights and pI values were calculated 

using ExPASy online tool. 6X-His tagged experimental control samples were purified 

by HisPurTM Cobalt Resin (Therma Scientific). Purified proteins were visualized by 

10% TGX SDS-PAGE using Mini-Protean Handcast System (Biorad, USA). Purity 

of SDS-PAGE bands corresponding to the fusion proteins were calculated by 

quantification of protein bands by ImageJ program. Fold change values were 

calculated as a ratio of purity of target band in the same lane, before and after 

purification. Total signals coming from each lane were presumed as 100% and the 

intensity of the target band of that lane was done by the same tool to calculate purity 

values (Table 2.2). 
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2.3.4. Silica Nanoparticle Synthesis 

Chemical synthesis of silica nanoparticles is generally achieved by modified versions 

of the Stöber process [115]. In this study, tetramethylorthosilicate (TMOS) was used 

as the silica precursor and prepared as 1 M in ddH2O, and 1 mM of HCl is added to 

hydrolyze the TMOS by stirring. 25 µL of 200 µM eluted proteins were added to 0.1 

M phosphate citrate buffer (pH: 8), and 50 µL of 1 M TMOS was added slowly into 

the reaction solution to bring the total volume to the 1 mL. Then, resulting mixtures 

were vortexed and washed several times with 0.025 M phosphate citrate buffer (pH: 

7.5) to remove unreacted ingredients. Resulting solutions were then probe-sonicated 

for 5-10 min (10/10 seconds on/off regime). 10% polyethyleneimine (PEI) was used 

as a positive control.  

FP-R5 protein-mediated silica nanoparticle synthesis was optimized by changing the 

concentration of proteins used to induce the initialization of silica nanoparticle 

formation.  Serial dilutions of the proteins were used to determine the optimal 

parameters for the successful synthesis of FP-containing silica nanomaterial.  

Concentrations of the ingredients were optimized for efficient and stably synthesis of 

the nanomaterials. Nanomaterial synthesis protocols generally suggest addition of 

ingredients at low rates usually by help of a peristaltic pump. In our case, we added 

TMOS in five equal volume shots (5 x 10 µL) to increase particle quality [116].  
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2.3.5. Fluorescence Measurements 

Iterative excitation and emission scanning was performed to detect potential shifts in 

the peak values or emergence of new peaks of fluorescence excitations and emissions 

in purified recombinant fluorescent proteins. Spectral data has been collected for 

those optimized wavelengths using fluorescence spectrometry (Agilent Cary Eclipse, 

USA).  

Samples were prepared on glass slides for fluorescence microscopy imaging. GFP-

R5, R5-GFP and YFP-R5 were visualized using fluorescence microscopy (Scope A1 

Zeiss, Germany). Approximately 10-15 µL of samples were dropped on a microscopy 

glass slide and covered with a coverslip. Filter sets were chosen according to the 

excitation-emission pairs for each of the FPs. Fs20 was selected for detecting red 

fluorescence while fs38 was chosen for green and yellow fluorescence. 

Fluorescence lifetimes and decay kinetics were measured by time-resolved 

fluorescence analysis (Pico-quant, Germany). Emission wavelengths of FPs were 

previously determined by fluorescence spectrometry data. Fluorescent decay tail fit 

was performed by Fluofit software.   

2.3.6. Quartz Crystal Microbalance Experiments 

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) quartz sensors 

were purchased from Biolin Scientific, Sweden. The sensors were cleaned by UV-

ozone and 2% SDS treatment according to the manufacturer’s protocol. Protein 
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samples were prepared in 1X PBS solution at concentrations of 100, 200, 500, 1000 

and 2000 nM. Measurements were performed in Q-sense QCM explorer equipment. 

The parameters selected for calculations were three consecutive overtone orders; n = 

3, 5 and 7. The Langmuir equilibrium model was used to estimate the adsorption 

characteristics of the FPs to the silica sensor surface. In this model, frequency change 

is related to the desorption strength by the equation of Δƒ= (ƒmax x C) / (kd + C), 

where C is the concentration of the protein. ƒmax value was estimated by the 

construction of a Langmuir isotherm, and kd value was determined least squares 

fitting accordingly [117]. 

2.3.7. Cellular Toxicity of Fluorescent Silica Particles 

MDA-MB-231, MDA-MB-436 and MCF-10A cell lines were obtained from the 

American Type Culture Collection (Manassas, VA, USA). Cells were cultured in 100 

mm petri dishes at an incubator at 37 °C, 5% CO2. Dulbecco's Modified Eagle 

Medium (DMEM) with 10% Fetal Bovine Serum (FBS) and 1% non-essential amino 

acids (NEAA) was used for cell culture. To examine the effect of silica particles on 

cell viability, cells were seeded (6000 cells/well) in 96-well plates with 100 µL of 

media. Silica particle treatment was performed 24 h after seeding. Five silica particle 

concentrations were prepared with serial dilutions (10-fold per dilution) for toxicity 

experiments. Four replicates were used for each condition. Following treatment, cells 

were incubated for 72 h at an incubator at 37 °C and 5% CO2. CellTiter-Glo Cell 

Viability Kit was used to examine the effect of the particles on cell viability. At the 
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end of the 72 h silica particle incubation period, cells were removed from the 

incubator and incubated at room temperature along with CellTiter-Glo reagent for 30 

minutes. After reaching the temperature equilibrium, CellTiter-Glo reagent was 

administered to each well in a volume of 30 μL. Then, the plate was placed on a 

shaker for 10 minutes to facilitate cell lysis. Finally, the medium-reagent mixture 

from each 96-well was transferred to corresponding wells of opaque white flat bottom 

96-well plates, and luminescence signal was measured using Biotek Microplate 

reader. 

2.3.8. Scanning Electron Microscopy 

SEM studies were performed either with unmodified silicon wafers or 40 μm of gold 

deposited by thermal evaporation on glass substrates. 1 µL of 1X PBS-washed 

sample was dropcast on the surface and air-dried for 30 min. Samples were then 

sputter-coated with gold-palladium to obtain small grain sizes for high resolution 

images. Thin film coating thickness was around 3-5 nm. Thin film coating 

significantly reduces electron energy absorption-related burns (charging) on the 

sample. SEM (FEI Quanta, USA) images were taken at varying forward voltages for 

electron energy (5-20 KeV).  
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2.3.9. Transmission Electron Microscopy 

TEM studies were conducted to visualize the particles at a higher magnification. 15 

µL of samples were placed on a parafilm surface, and an EMS Ni grid with 

formvar/C support (300 mesh) was placed on the sample with the carbon-coated 

surface facing the sample. After 1 min of incubation, excess fluid on the surface was 

removed by letting the side of the grid touch a tissue paper. Three rounds of distilled 

deionized water cleaning were then performed, and samples were stained with 2% 

uranyl acetate for 30 sec to improve image contrast prior to imaging under TEM (FEI 

Tecnai, USA). TEM electron acceleration power was 200 KeV. EDS (Energy 

Dispersive X-Ray Spectroscopy) analysis was also performed to identify material 

composition (EDAX, USA). 

2.4. RESULTS 

2.4.1. Genetic Designs of FP-R5 constructs 

Initially, genetic designs of the target genetic sequences were completed. In the 

design part, R5 peptide of Silaffin protein is attached at the ends of the fluorescent 

proteins (GFPmut3 [118], Venus YFP [119] and mCherry [120]) which are in turn 

directed via an inducible promoter. This 74 bp-long inducible promoter is called 

PLtetO-1, which is formed by combining phage lambda promoter with double tetO2 

operator sequences. It is a moderately strong promoter with high induction ratio 

(~5000-fold in DH5αZ1 strain) [121]. PZ plasmid backbones that possess PLtetO-1 also 
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contain p15A origin of replication (20-30 copy per cell) which is considered as 

medium copy number. PZ plasmid is highly modular, meaning that each of the parts 

contains unique restriction enzyme sites that can be cleaved to replace each part with 

alternatives. This plasmid contains chloramphenicol resistance gene that confers 

selection mechanism. Insert DNA sequences are composed of full length fluorescent 

proteins; GFPmut3 (717 bp), Venus YFP (717 bp), mCherry (711 bp) linked with 

glycine-serine linker (GS Linker, 15 bp) to the Silaffin R5 peptide (57 bp).  

 

Figure 2.5: Design map of FP-GS-R5. Digest and Ligate principles (classical 

recombination protocols) are applied here to assemble the finished genetic parts.  

Initially, 4 fusion constructs have been designed. These fusion cassettes include (from 

amino end to acidic end) R5-GFP, GFP-R5, YFP-R5 and mCherry-R5. 

Representative design map is shown (Figure 2.5.). GS linker is a repetitive motif of 

Glycine and Serine amino acids that is commonly used in varying numbers [122]. 

GGGGS (glycine-glycine-glycine-glycine-serine) motif (corresponding DNA 

sequence is GGTGGCGGTGGCAGT) was used in this study. GS-linker provides a 

separation between adjacent domains and increase the likelihood of functioning of 

fusion constructs. Some of our designs contain GS Linker repeated three times to 

ensure protein activity. Inducible expression of fusion protein allows a temporal 
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control on the biosystem [123]. Primers used in this part of the study are listed in 

Appendix B. Fluorescent protein coding sequences were cloned from the plasmids 

that are readily available in our lab. (pZS2-123 addgene ID: 26598 and pZA plasmid 

systems) [113]. R5 peptide coding sequence is attached to the 3’ end of the FP coding 

DNA sequence in designs. R5 peptide coding DNA sequence was added also to the 5’ 

end (amino end of the protein) of the GFP protein to check the effect of the location 

of the tag. Addition of R5 tag to the 5’ end of the fluorescent protein coding sequence 

cause considerable changes in the fluorescence characteristics (Figure 2.21, D). 

Multiple overhang PCRs were performed to elongate the template, which is the 

fluorescent protein of our interest (Figure 2.6).  
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Figure 2.6: Multiple overhang PCRs to produce GFP-R5 and R5-GFP in this study.  

2.4.2. Verification of Genetic Designs 

In order to synthesize fusion constructs, series of PCRs (polymerase chain reaction) 

were performed to genetically clone GFP-R5 and R5-GFP constructs. Since the tags 

are longer (87 bp) than the plausible length for the synthesized primers of PCR, 
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successive PCRs were performed to elongate the target sequence. In our case, the 

initial target sequences are fluorescent proteins coding sequences. After each PCR 

performed, PCR products were run on agarose gels, amplicons were extracted from 

the agarose gel and the resulting products were used for the template for the second 

PCR. A total of 4 cycles were performed for each FP-R5 constructs (Figure 2.6). For 

the PCRs, temperature gradient PCR method was employed in order to ensure clearer 

bands in the agarose gels. Temperature gradient was encompassing the neighboring 

three degrees (±3) of the melting temperature of the primer. Primers were listed on 

Appendix B.  
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Figure 2.7: Gel electrophoresis results to generate R5 fusions for the GFP (four 

consecutive PCRs from A to D). Since GS linker and R5 coding gene contain some 

short range repeat regions, gradient PCR method with decreasing temperatures was 

employed to ensure high quality PCR bands. DNA ladder (1 kb ladder, NEB) was 

omitted for clarity. All the bands were in expected locations (747, 775, 807, 840 bp, 

respectively).   
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After the fourth and the final PCR, resulting inserts and inducible vector backbone 

(pZA) were RE (restriction enzyme) double digested with KpnI and MluI to create 

sticky ends for the ligation. pZA vector backbone and the FP-R5 are then ligated. 

Ligated plasmids were transformed into E. coli MG1655 PRO OmpR234 strain [124]. 

pZA vector contains chloramphenicol resistance gene, so chloramphenicol plates 

were prepared for antibiotic selection. Some of the colonies growing on antibiotics 

plates were chosen and sent for sequencing. After producing GFP constructs, two 

other fluorescent proteins (YFP and mCherry) was cloned with Gibson assembly 

method. For this purpose, GS Linker R5 part was synthesized via artificial gene 

synthesis technology. It was hard to reproduce R5 via PCR, since the sequence 

contain too much repetition since the R5 peptide is rich in serine, lysine and arginine 

aminoacids and these three peptides consists 2/3 of the 19 aa long peptide.  

Gibson Assembly is an isothermal genetic assembly method allowing the ligation of 

multiple genetic parts in a single reaction and a single tube, scarlessly [125]. Genetic 

parts are required to have homology regions for proper joining (20-40 bp homologies, 

Figure 2.8.). The enzyme cocktail contains 5’ exonuclease (for chewing back from 

the 5’ end), DNA polymerase (polymerization), and ligase (ligation of nicks). It is 

faster, easier, scarless and robust. Ligation of the products should not happen before 

sticky ends are created otherwise genetic scar sequences will be introduced to the 

plasmid. Therefore, a ligase enzyme that is devoid of blunt end ligation should be 

preferred, like Taq Ligase (NEB, USA).  
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Figure 2.8: A figure describing the Gibson Assembly method. PCR primers are 

designed so that parts will contain homology regions that determine the order and 

orientation of each part. In this Gibson design, there are three homology regions that 

are colored red, orange and green. Then all parts are put in a tube containing Gibson 

enzyme cocktail. This cocktail will produce ready-to-transform plasmids. 

Transformed plasmids are grown on agar plates. 

YFP-R5 and mCherry-R5 constructs were cloned via Gibson assembly. PCR 

amplified R5 part, FP part and vector backbone were used for this reaction (Figure 

2.9.). Bacterial transformation was done as usual.   
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Figure 2.9: Agarose gel electrophoresis results of YFP-R5 and mCherry-R5 construct 

parts. Three lanes for each construct were shown. Temperature gradient was applied 

to ensure positive signal for target bands. 2-log DNA ladder was used.  

We confirmed our designs by sequencing our gene of interest with a sequencing 

primer binding to the backbone of our plasmid. Average sequencing quality was 

above 70% (Appendix D).  

2.4.3. Heterologous Expression of modified FPs 

In order to perform expression studies on bacterial cells, glycerol stocks of confirmed 

colonies were grown overnight. After inducer molecule addition to the inducer 

molecule was added. After 6h of incubation, fluorescence signal was shown for each 

of the cloned construct by fluorescence microscopy (Figure 2.10 and 2.11). 

Comparable differences are observed for the aTc induced vs. uninduced samples. All 

image properties (contrast, gamma etc.) were same across images for reliable 

comparison. Green light pass filter was utilized to visualize both YFP and GFP since 

difference between emission wavelengths of those proteins are very low (YFP ex: 
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514 nm em: 528 nm, GFP ex: 501 nm em: 511 nm). Although we see that in 

uninduced cells the expression was repressed, still very low number of bacteria 

fluoresce, showing the leakiness of the promoter.  

 

Figure 2.10: Fluorescent microscopy images of un-induced FP-R5 constructs. (A) R5-

GFP, (B) GFP-R5, (C) YFP-R5, (D) mCherry-R5. R5-GFP, GFP-R5 and YFP-R5 

were visualized using Carl Zeiss fs38 and filter set used for mCherry was fs20. Bars 

are 20 microns. 
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Figure 2.11: Fluorescent microscopy images of induced FP-R5 constructs. (A) R5-

GFP, (B) GFP-R5, (C) YFP-R5, (D) mCherry-R5. R5-GFP, GFP-R5 and YFP-R5 

were visualized using Carl Zeiss fs38 and filter set used for mCherry was fs20. 

Plasmids were aTc (anhydrotetracycline, 100 ng/mL) induced and bacteria were 

incubated for further 6h. Bars are 20 microns. 
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Figure 2.12.: Fluorescence intensity difference between induced and un-induced 

YFP-R5 under blue light illumination. YFP-R5 in this image is concentrated after 

purification by a ratio of 5.  

Molecular weights of the fluorescent proteins and the modified versions are shown in 

Table 2.1. R5 tag is expected to result in the higher isoelectric point values meaning 

that the R5 tag confers slightly basic characteristic. This is a consistent result since 19 

aa-long R5 tag contains multiple amino acids with basic side chains such as K 

(lysine) and R (arginine). While dramatic increases in the pI values could affect the 

FP 3D structure considerably, GS linker helps reduce the risk of misfolded proteins.   
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Table 2.1 Molecular weight and the isoelectric points of the fluorescent proteins used. 

 

2.4.4. Silica Resin Purification of Hybrid Fluorescent Proteins 

Protein isolation from the bacteria was performed as described in materials and 

methods part. Several extraction buffers (Buffer A + EDTA, phosphate citrate or B-

PER (Invitrogen, USA) chemical protein extraction buffer) were used to isolate 

proteins. Total protein extraction was performed either by probe sonication or 

chemical extraction method. Both approaches seem to work equally well. Probe 

sonication method was selected for further use since it is the most cost efficient 

method among others.  

R5 peptide tag is bifunctional. The first usage is the elution of protein of interest from 

the vast mix of cellular extracts (whole cell extract) by utilizing the affinity of the tag 

to silica. R5 peptide tag helps purification of protein without the need for the other 

affinity tags such as His-tag, GST (glutathione S-transferase) or MBP (maltose 

binding protein). The second function is to help the synthesis of silica nanostructures 

by nucleating hydrolized silica ions that are added to the environment. 



50 
 

Silica resin for affinity purification protocol resembles other purification methods 

which generally prefer functionalized resins for affinity purification. In this case, 

washed resin was incubated with protein isolates of interest. Protein extracts were 

incubated with the silica gel for overnight and later the gel was washed several times 

with 10 mM of L-lysine solution in the protein extraction buffer to remove excess 

R5-FPs and unbound solutes. Elution is done using stronger tag that can displace the 

proteins that bind to the resin. 1M of L-lysine was used in this study. Elutes contained 

high concentrations of excess unbound L-lysine. To remove L-lysine from the 

medium, elutes were washed through concentration columns 3 times, buffer A is used 

to dilute the concentrated protein in each washing step. Red fluorescence protein 

(mCherry) has visible reddish color under daylight, so it is easier to visually exhibit 

the affinity purification method (Figure 2.13). Binding and elution phenomenon was 

also shown with fluorescence images of the same microcentrifuge tubes. During the 

first trials, 1M of L-lysine was utilized to recover bound FP-R5s. However, we were 

still observing considerable FP-R5 were left in the resin bed. We solved this problem 

by addition of weak acids that helps breaking the bonds between the resin and the Fp-

R5s, which also results in an improvement in the overall process. However, very high 

concentrations of acids affect the 3D structure of FPs quite considerably probably the 

destruction of characteristic β–barrel shape and thereby the fluorescence bleaching.  
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Figure 2.13: Two step elution process of YFP-R5 from a silica gel resin matrix. Left 

panel shows the same protein samples in visible light. Images in the right panel are 

fluorescence images. In the first step, protein isolates are mixed with silica resins and 

then washed with 10 mM L-lysine. Left images in each panel show the 3 times 

washed resins. In the second step, 1M of Lysine was added which was followed by 

addition of 2% acetic acid to elute the protein of interest. Right images in each panel 

show the used resins.  

Protein concentrations were determined by BCA (bichinconinic acid assay) from 

Invitrogen. This assay uses the reduction of Cu+2 to Cu+1 by proteins in an alkaline 

medium (well-known biuret reaction). Cu+1 can chelate two molecules of BCA to 

emerge quantitative purple color which is measured by a multiwell plate reader. 

Known concentrations of reference proteins (e.g. BSA) is used to determine the trend 
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line and standard curve was used to determine the concentrations of unknown 

samples. R2 value that is shown on the graph is a measure of precision of the method.  

 

Figure 2.14: Concentrations of proteins used in this study. A) BSA standard curve of 

BCA for determining protein concentration. B) Dilution corrected protein 

concentrations.  
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To make a comparison of the performance of this tag with respect to other tags, 6x 

His-tagged variants of each protein was designed and cloned into the same vector 

backbone. Constructs were named GFP-his, YFP-his and mCherry-his. These 

constructs were also DNA sequence verified. His-tagged variants do not contain R5 

tags. His tagged variants of fluorescent proteins were formed to use them as control 

groups.  

SDS-PAGE results reveal that, in terms of improvements in the band intensity, silica 

resin method performed slightly less than his-tag commercial kit. On the other hand, 

silica resin performed slightly better than his-tag commercial method in terms of fold 

change values. Minimum of 2.18-fold band improvement was observed for the silica 

method while a minimum of 2.08-fold was calculated for his-tag kit. 
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Figure 2.15: SDS-PAGE analysis before and after purification using histidine tag 

(upper gel) and silica tag (lower gel). Before: Whole cell extraction of YFP-R5 

protein from bacteria, After: Elution of fusion proteins by either histidine or silica-

binding resin. Expected bands for the fusion proteins were highlighted in red squares. 

 

 

 

 

 

 

 



55 
 

Table 2.2: Purity of SDS-PAGE bands before and after purification. 

 

2.4.5. Characterization of FP-R5 Fusion Proteins 

Chemical characterization of the engineered proteins was performed with QCM-D 

(Quartz Crystal Microbalance with Dissipation Monitoring) method [126]. QCM-D 

allows aqueous in situ real-time precise measurements of protein-ion interactions via 

piezoelectric changes on the sensing surface. Affinity and binding strength of R5 tag 

for the silica surfaces can be shown by this method quantitatively.  
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Figure 2.16: Quartz crystal microbalance (QCM) measurement of GFP-R5. Binding 

kinetics to silica quartz surface is shown as a resonance frequency change. A) Protein 

solutions in PBS are sequentially administered in increasing concentrations at given 

times (marked by arrows). B) Fitting curve shows the change in QCM frequency 

signal as a response to the protein administration. Langmuir model gives the 

molecular desorption equilibrium constant (kd) as 0.73 ± 0.43 µM. C) GFP-his 

binding kinetic to the silica surface. 
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Figure 2.17: Quartz crystal microbalance (QCM) measurement of YFP-R5. Binding 

kinetics to silica quartz surface is shown as a resonance frequency change. A) Protein 

solutions in PBS are sequentially administered in increasing concentrations at given 

times (marked by arrows). B) Fitting curve shows the change in QCM frequency 

signal as a response to the protein administration. Langmuir model gives the 

molecular desorption equilibrium constant (kd) as 1.09 ± 0.4 µM. C) YFP-his binding 

kinetic to the silica surface. 
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Figure 2.18: Quartz crystal microbalance (QCM) measurement of mCherry-R5. 

Binding kinetics to silica quartz surface is shown as a resonance frequency change. 

A) Protein solutions in PBS are sequentially administered in increasing 

concentrations at given times (marked by arrows). B) Fitting curve shows the change 

in QCM frequency signal as a response to the protein administration. Langmuir 

model gives the molecular desorption equilibrium constant (kd) as 0.43 ± 0.20 µM. C) 

mCherry-his binding kinetic to the silica surface. 
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Table 2.3: Equilibrium desorption constant (kd) values of FP-R5 proteins on quartz 

silica surface. 

 

Dynamics of binding of FP-R5 to the silica is shown by QCM (quartz crystal 

microbalance) method (Figures 2.16-18). The clear change in the frequency of the 

quartz surface upon binding of FPs shows that interaction between the surface and the 

protein occur. Frequency change direction (up or down) should always be on the 

same direction with increasing concentrations of purified protein added to the 

reaction chamber. R5 tagged FPs all have this behavior (Figure 2.16-18). QCM 

(quartz crystal microbalance) shows that quantitative binding strength of silica on the 

quartz surface (SiO2) is moderate. QCM measurements were also performed for 6x 

His-tagged fluorescent variants. kd values were calculated for all the samples tested 

but his-tagged variants have the kd values that are higher than the 10-1 M, so they 

were practically nonresponsive to the silica surface. Silica surface response can also 

be seen on the QCM-D graphs (Figures 2.16-18). Best QCM-D response was 

obtained with YFP-R5 protein, since the quartz surface resonance frequencies are 

best affected in a dose dependent manner in this sample.  
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2.4.6. In vitro Silica Synthesis with Hybrid Fluorescence Proteins 

Eluted protein was concentrated using Pierce protein concentrators 10K MWCO 

(molecular weight cut off) that would let particles (such as buffer itself) smaller than 

10 kDa to pass freely while keeping bigger ones in the column after a centrifugation. 

The eluted protein is 5 times concentrated in order to reach higher concentration 

values and a series of dilution of the protein was performed to determine the optimal 

parameters for the successful FP containing - silica nanomaterial synthesis (Figure 

2.19.). 

 

Figure 2.19: Comparison of eluted YFP-R5 (on the left) with the concentrated version 

(on the right) of the same protein.  
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After choosing the best candidate as YFP-R5 fusion, silica nanoparticle synthesis can 

now be performed. As it is stated before, chemical synthesis of silica nanoparticles is 

generally achieved by modified versions of the Stöber process. In our version, silica 

precursor called TMOS (tetramethylorthosilicate) that was hydrolyzed in low 

molarity strong acid. Rigorous shaking ensures the hydrolysis of TMOS into 

dissolved silicic acid derivatives. When FP-R5 and hydrolyzed TMOS was mixed, R5 

peptide should nucleate silicic acid ions to form silica nanoclusters that would 

eventually lead to the coalescence of nanoclusters into nanoparticles, as described in 

the Figure 2.4. 

After silica particles were prepared, fluorescence studies follow to determine the 

possible changes in the fluorescence properties. Fluorescence excitation and emission 

maxima curves were obtained by the fluorescence spectrometer on the purified 

proteins. Excitation and emission scan was performed to obtain highest fluorescence 

pair. Excitation-emission pairs of native FPs are as follows: venus YFP (ex. 514, em. 

528), GFPmut3 (ex. 501, em. 511), mCherry (ex. 587, em. 610). After silica 

nanoparticle synthesis, fluorescent protein constructs of GFP-R5, YFP-R5 and 

mCherry-R5 that are encapsulated by silica exhibit similar excitation emission 

maxima with unmodified FPs, as compared to the literature (Figure 2.20, 2.21). 

Excitation-emission graph of R5-GFP were found to blue shifted considerably, but 

still green signal can be obtained. However, R5-GFP construct was omitted for the 

rest of this study.  
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Figure 2.20: Fluorescence characteristics of fluorescent silica nanoparticles. 

Excitation-emission spectra pairs for GFP-R5 (exc: 501 nm, emis: 511 nm) and YFP-

R5 (exc: 514 nm, emis: 528 nm) constructs.   
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Figure 2.21: Fluorescence characteristics of fluorescent silica nanoparticles. 

Excitation-emission spectra pairs for mCherry-R5 (exc: 587 nm, emis: 610 nm) and 

R5-GFP (exc. 375 nm, emission 511 nm) constructs.  
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Fluorescence decay characteristics shows that the addition of R5 does not 

significantly change the overall characteristics. Time resolved fluorescence 

measurements were performed to investigate whether there is a change in the 

fluorescence lifetime. R5 tag does not significantly change the fluorescence lifetime 

of all three constructs.  

 

Figure 2.22: Amplitude weighted average fluorescence lifetimes of fusion constructs 

GFP-R5 and YFP-R5.  
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Figure 2.23: Amplitude weighted average fluorescence lifetimes of fusion constructs. 

C) Time-resolved fluorescence measurements and fluorescence decay characteristics 

for GFP-R5, YFP-R5 and mCherry-R5 proteins before and after SiO2 encapsulation. 

D) Fluorescence lifetime values before and after the particles were synthesized. 
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All the FP-R5s that are presented in this study were used in silica NP (nanoparticle) 

synthesis. Fluorescence microscopy reveals that the fluorescent signals are intact and 

more pronounced, since silica nanoparticles help proteins entrapped inside silica 

nanostructures. Large silica clumps are visible by the fluorescence microscopy, so 

only the larger clumps are targeted when getting fluorescence images (Figure 2.24).  

 

Figure 2.24: Brightfield (left panel) and fluorescence (right panel) microscopy images 

of silica particles synthesized in the presence of A) mCherry-R5 B) YFP-R5 C) GFP-

R5. White bars are of 50 microns.  
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2.4.7. Optimization of Silica Nanoparticle Synthesis Conditions 

Growth characteristics can be summarized in three parts. TMOS 

(tetramethylorthosilica) is the monomer of the silica and in the presence of R5 

modified FP, nucleated around the proteins to initiate nanoparticle nucleation. After 

exceeding the critical radius, reversible TMOS-FP interaction become persistent and 

form small-sized nanoparticles. Then these small nanoparticles come together to form 

bigger particles due to the thermodynamics of the media (Figures 2.26). 

Thermodynamics of the media can be controlled by the changing the composition of 

the ingredients. Therefore, several studies were performed in order to increase the 

quality of the silica nanoparticles. All the optimization experiments were performed 

using YFP-R5-SiO2 nanoparticles.   

Fluorescence microscopy results show that the basic fluorescence characteristics 

remain similarly and there is a positive correlation between the protein concentration 

and the fluorescence signal intensity. Dispersity of the fluorescent silica 

nanomaterials is projected to be better for the low concentration of protein addition. 

Silica particles are too dispersed for fluorescence microscopy studies in further 

optimizations, so the results look same and will not be shown for further optimization 

attempts. All further optimizations were characterized by SEM (Scanning electron 

microscopy).  

 



68 
 

 

Figure 2.25: Fluorescence microscopy results for the silica nanomaterials synthesized 

by the YFP-R5 fusion protein. Highest concentration of fusion protein was 187,5 µM, 

whereas lowest was 10 µM. 100 mM TMOS was used in this optimization protocol. 

Positive control and addition of less than 10 µM protein yields background 

fluorescence signal. Bars are 10 microns.  
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Figure 2.26: SEM (Scanning Electron Microscope) results of for the silica 

nanomaterials synthesized by the YFP-R5 fusion protein. 100 mM of TMOS was 

used in this protocol. Highest concentration of fusion protein was 187,5 µM, whereas 

lowest was 10 µM. Bars are 500 nm lengths. 
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According to the SEM results, similar nanostructures that are accumulated vastly 

were seen on the sample surface. Nano-dispersed material synthesis was poorly 

occurred. Therefore, we think that the optimization on the ingredient concentrations 

would be required for efficient and stably synthesis of nanomaterials. 

Therefore, the first strategy that we employ was to reduce the amount of the TMOS 

utilized in the experiment by half as well as reducing the rate of addition of the 

TMOS inside the solution. Nanomaterial synthesis protocols generally suggest 

addition of ingredients at low rates usually by help of a peristaltic pump. We decided 

to add TMOS in five equal volume shots (5 x 10 µl). Mono-dispersity of the 

fluorescence signal for most of the samples remarks that the silica nanomaterial 

synthesis occurs with a higher mono-dispersity. Also, particles become visible. 

Additionally, effect of changing the number of washing steps was assessed. No wash, 

single wash, triple wash and quintuple wash was selected as no, low, medium and 

high wash scenarios. SEM was again performed for the whole set. In this set, also 

four of the concentrations were selected to study the effects of the both factors 

simultaneously. Triple wash gives the best output in this setup.  
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Figure 2.27: Effect of no washing on the quality of synthesized silica nanostructures. 

50 mM of TMOS was used to synthesize silica nanoparticles. White bar is of 1 μM 

length.  
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Figure 2.28: Effect of single washing on the quality of synthesized silica 

nanostructures. 50 mM of TMOS was used to synthesize silica nanoparticles. White 

bar is of 1 μM length.  
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Figure 2.29: Effect of triple washing on the quality of synthesized silica 

nanostructures. 50 mM of TMOS was used to synthesize silica nanoparticles. White 

bar is of 1 μM length.  

 

 

 



74 
 

 

Figure 2.30: Effect of five times washing on the quality of synthesized silica 

nanostructures. 50 mM of TMOS was used to synthesize silica nanoparticles. White 

bar is of 1 μM length.  

We further optimized the experiment by again changing the TMOS value by half and 

now narrowed the experimental setup down to 2 samples and control groups. Silica 

nanoparticle synthesis was repeated. SEM results reveal that the low protein 

concentrations provide better growth of nanomaterials. Reduction of TMOS 

concentration yields better results unlike the positive control (PEI + TMOS). Absence 
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of positively charged molecule (R5 peptide or organic molecule like PEI) completely 

stops the production of nanomaterials.   

 

Figure 2.31: SEM (Scanning Electron Microscope) results of for the silica 

nanomaterials synthesized by the YFP-R5 fusion protein at quarter (upper figures) 

and normal (lower figures) TMOS concentrations. Particles were synthesized by 

187.5 µM and 20 µM protein. Bars are 500 nm.  
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Figure 2.32: SEM (Scanning Electron Microscope) results of for the silica 

nanomaterials synthesized by the YFP-R5 fusion protein at quarter (upper) and 

normal (lower) TMOS concentrations. Particles were synthesized either by no protein 

or positive control group (PEI, polyethyleneimide). Bars are 500 nm.  

As a conclusion of the optimization part, lowering the protein concentration improves 

the quality while lowering TMOS concentration works better for attaining higher 

quality of particles. Washing three times with diluted reaction buffer is enough for 

making better particles.   
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Figure 2.33: Silica particle size analysis. A) Silica particle sizes in the presence of 

varying concentrations of YFP-R5 fusion protein. B) Silica particle size distribution 

in the presence of varying concentrations of YFP-R5 fusion protein. Analysis was 

performed on images that were selected to contain more than 50 silica particles using 

ImageJ program to calculate the diameter of particles.  
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The particles that are seen in the SEM images are in the range of 100 – 600 nm. It is 

hard to draw clear conclusions about the changes in size in response to protein 

content, but a general tendency can be observed where particle sizes decrease with 

the protein concentration. Also, particle size distribution seems to be more uniform at 

lower concentrations. It is important to note that the particle shape is not perfectly 

spherical, which is expected as the size of the protein is about 4,2 nm in length and 

2,5 in width. Consequently, the surface roughness of the nanoparticles would be in 

proportion with these values. The concentration of the particles also partially 

determines their size; as higher concentrations of nanoparticles are associated with 

bigger average sizes per particle (Figure 2.33).  

2.4.8. TEM characterization of fluorescent silica nanoparticles 

TEM studies were conducted to visualize the particles at a higher magnification and, 

by the help of EDS and EFTEM, determine the material origin to show that the silica 

particles were co-localized with the organic content of the FPs. EFTEM images show 

that the silica and organic atoms are simultaneously present inside the nanoparticles. 

Silica particles tend to form small aggregates, which may increase their effective 

sizes. Particle origin has been shown by two methods. EDS (energy dispersive x-ray 

spectroscopy) and EFTEM (Energy Filtering TEM) results clearly show that silicon 

atoms are present in the synthesized particles, and atoms belonging to organic 

molecules (C, O and N) are likewise observed for all genetic constructs (Figure 2.34). 
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Figure 2.34: Transmission electron micrographs (TEM) and energy dispersive X-ray 

spectroscopy (EDS) of silica-containing FPs. A) GFP-R5 and (B) mCherry-R5 fusion 

proteins are shown. Graphical images show the areas where the X-ray signal was 

collected. White bars are 200 nm.  
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Figure 2.35: Transmission electron micrographs (TEM) and energy dispersive X-ray 

spectroscopy (EDS) of silica-containing YFP-R5. C) EFTEM (energy-filtered TEM) 

maps of silica-containing YFP-R5 fusion proteins. C, N, O and Si were selected for 

imaging. Merged figure is the sum of all signals. STEM images were produced via 

HAADF (high angle annular dark field) imaging.  
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2.4.9. Effects of the Silica Nanoparticles on Cell Viability 

A cell viability assay was performed to check the toxicity values for the designed 

genetic constructs. MCF10A is a normal human breast cell line while MDA-MB-231 

and MDA-MB-436 are human breast adenocarcinoma cell lines. Results indicate that 

the nanoparticles do not differentiate between normal and cancerous cell lines in 

terms of cellular toxicity (Figure 2.36). However, similar cancer cell lines respond 

differently to our fluorescent silica nanoparticles in very high concentrations. MDA 

MB 231 (highly metastatic) is more resistant to the very high silica NP 

concentrations. MDAMB436 (less metastatic) and MCF10A (healthy breast cells) 

were affected similarly from the fluorescent silica [127]. Overall, toxicity was 

comparably low while the effect of toxicity was observed both visually and 

enzymatically only at the highest silica concentration. 
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Figure 2.36: Effect of mCherry-R5 fluorescent silica particles (Concentration range 

30 pM-3 µM) on the proliferation of breast cancer cell lines (MDA-MB-231 and 

MDA-MB-436) and normal breast cell line (MCF-10A). Data represent mean ± SD (n 

= 4). 

2.5. DISCUSSION & CONCLUSION 

The position of the R5 tag may dramatically change the function of fluorescent 

proteins. In order to test whether this effect altered peptide function under the present 

design, the R5 tag-coding sequence was placed on either the 5’ or the 3’ end of the 

genetic constructs. Although fluorescence microscopy results have given positive 

green fluorescence for both of the constructs, fluorescence spectroscopy results reveal 

that the excitation-emission maxima shifted for R5-GFP when the silica tag-coding 

sequence was added to the upstream of the GFP-coding sequence (Figure 2.20, 2.21). 
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To avoid excitation-emission shifts, the remaining constructs were designed to attach 

the R5 tag-coding sequence to the 3’ end of the fluorescent protein-coding sequence 

in all genetic designs (Figure 2.5.). Two different approaches were used for adding 

the R5 tag-coding sequence to the end of each fluorescent protein DNA sequence. 

The first approach involves the addition of the R5 tag-coding sequence by successive 

extension PCRs. We also synthesized the R5 tag DNA sequence to use it as one of 

the fragments for Gibson assembly reaction. Both approaches were proven to be 

successful by Sanger sequencing (sequence verification can be seen in Appendix D). 

All constructs were ligated into an aTc-inducible vector, which also includes a tightly 

regulated synthetic riboregulator system (taRNA-crRNA) to inhibit possible leakage 

[128]. The genetic system leaked very little or not at all when the inducer was absent 

(Figure 2.10). 

E. coli cells that were transformed with GFP-R5, R5-GFP, mCherry-R5 and YFP-R5 

have been shown to express FPs by fluorescence microscopy (Figure 2.10, 2.11). 

Emission maxima of GFP and YFP are relatively close (511 nm for GFPmut3 and 

528nm for Venus YFP)[119, 129], such that the same filter set was used to visualize 

the fluorescence of both FPs. However, fluorescence characteristics of these genetic 

constructs can be clearly distinguished by fluorescence spectrometry.  

Cell lysates of R5 peptide-conjugated FPs were bound to the silica gel in buffer A, 

which was then washed to remove unbound residues and loosely attached fusion 

proteins. Elution was accomplished by a positively-charged small molecule (1 M L-

Lysine in phosphate buffer) that replaces fusion proteins bound to the resin. R5-
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tagged FPs bind to the resin with moderate affinity (kd = 1.09 μM) and after repeated 

washing steps (>10 resin volume), wash fractions do not yield a qualitative 

fluorescence signal. Elution of fluorescence proteins was confirmed by SDS-PAGE 

analysis. Gel bands corresponding to conjugate fluorescent proteins were consistent 

with theoretical predictions (≈29 kDa) (Figure 2.15, lower gel).  

His-tagged counterparts were also designed for each FP to compare the quality of the 

silica-binding tag. The proposed silica-binding tag was outperformed by commercial 

HispurTM cobalt resin in terms of purity, as calculated from total bands in the same 

lane. However, improvements in target band purity were comparable between cobalt 

resin and silica tags (Table 2.2). Our data suggests that the silica-binding tag 

approach can be useful for further applications following protein purification. 

However, compared to other, highly specific purification techniques, the silica tag-

based approach needs to be improved if higher purity is needed. Resin retrieval yields 

were calculated using protein concentrations before and after the purification 

protocol. Yields from the HispurTM Cobalt resin were around 10-12% for 6x His 

tagged FPs, while FP-R5 constructs retrieved from the silica resin with a yield of 15-

18%. The R5-based purification tag therefore offers a higher purification yield, and 

the purity of the final eluate can be improved by adjusting physicochemical 

conditions during protein elution. However, in this study, the purity of the fusion 

proteins was good enough to induce silica formation, as can be seen from the silica 

particle formation assays (Figure 2.31).   
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The binding strength and affinity of silica molecules to the R5 peptide was measured 

quantitatively by QCM (Quartz Crystal Microbalance) [130]. Adsorption isotherms of 

the FP-R5 proteins were recorded as a function of time. Correlations between protein 

concentrations with resonance frequency shifts show the strength of binding 

interaction between the protein and the sensor surface (Figure 2.16-18). Data 

collected from the QCM-D-binding experiments were utilized to calculate the 

desorption constant (kd) of the YFP-R5 protein. The calculated desorption 

equilibrium constants for the constructs can be found on Table 2.3. kd values of our 

constructs are consistent with the literature [117]. QCM experiments were also 

conducted with other R5 and His tagged FPs (Figure 2.16-18). Similar desorption 

constants were found for other R5 constructs, while His-tagged FP constructs resulted 

in a frequency change only at the highest protein concentration and desorption 

constants were at the mM range. As stated previously in the literature, proteins can 

control nanoparticle formations kinetics and size by interacting with precursor 

molecules [131-133].  

Silica nanoparticle synthesis was performed according to the protocol suggested by 

Betancor et al. [115] with slight modifications. Before silica nanoparticle synthesis, 

fluorescent proteins that are encapsulated by silica exhibit similar excitation-emission 

maxima with unmodified FPs. Excitation-emission spectra were also analyzed for 

His-tagged versions of FPs, excitation-emission peak wavelengths of which deviate 

no more than 1 nm from their R5-tagged counterparts. Excitation-emission pairs were 

expected to stay similar since the covalently attached chromophore is embedded 
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within the barrel-shaped 3D structure [134], and the GS-linker provides spatial 

freedom for the fusion partners to fold properly and independently.  

One of the defining characteristics of fluorescent materials is their fluorescence 

decays and lifetimes, and these parameters for R5 FPs are listed in Figure 2.22. 

Encapsulation into silica nanoparticles did not cause any obvious change in the 

fluorescence lifetimes of the fusion proteins. The fluorescent lifetime values are 

summarized in Figure 2.23. 

Silica nanoparticle dispersity increases as the amount of protein added to the solution 

decreases, as suggested by fluorescence microscopy and SEM studies (Figure 2.26). 

Initial parameters used in silica nanoparticle synthesis resulted in agglomerated 

particles of various sizes. Therefore, nanoparticle synthesis optimization was 

necessary for efficient synthesis. Previously, the concentration of ingredients and 

solution pH were used for the optimization of the silica nanoparticle synthesis process 

[97]. We decreased the concentration of TMOS added to the reaction mix for the 

YFP-R5 construct to one-fourth of the initial concentration, and observed that silica 

nanoparticle quality was improved (Figure 2.31, 2.32). In addition, diluted reaction 

buffer was used to wash the reaction solution to remove unreacted chemicals, and we 

have compared the single washed reaction mixture with triple washed samples. 

Quality improved by additional washing but concentration of nanoparticles had 

decreased in each washing step, making additional washing steps inadvisable. 

Nevertheless, three washing steps appear to be adequate for improved quantity and 

yield (Figure 2.29).  
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Synthesized particle fluorescence was examined for all samples involved in the 

optimization process, which exhibited similar particle characteristics under electron 

microscopy. Higher protein concentrations during the synthesis process result in the 

production of larger particles (Figure 2.33). Similar observations were made 

previously [135, 136]. Particle size distribution remains moderate and was similar 

across different designer protein concentrations (Figure 2.33). Proteins are expected 

to control the growth of the nanoparticles by interacting with the precursors and 

modulating the nucleation process. As the particles start to grow, proteins are 

adsorbed on their surfaces. This event prevents the attachment of the additional seeds 

and precursor materials, resulting in restricted growth of the final particles [137]. 

However, in our case we observed that particles tend to grow as a function of protein 

concentration. This may indicate that the proteins are encapsulated within the 

particles instead of attaching to particle surfaces and restricting their growth. 

Additional proteins induce the formation of additional layers on pre-formed particles, 

as explained in the model in Figure 2.4. Fluorescence of silica particles is shown for 

each of the constructs in Figure 2.24. 

The particles that are seen in the SEM and TEM images are in the nanometer range 

(Figures 2.31, 2.34). However, we may have caused the partial aggregation of the 

particles during sample preparation, as larger nanoparticle clusters have been 

observed under SEM. Silica nanostructures could not be observed when FP-R5 was 

not added to the reaction mix (Figure 2.32). Silica particles also tended to form small 

aggregates, which may increase effective sizes [138].  
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Silica particle composition has been investigated by several methods. EDS (energy 

dispersive x-ray spectroscopy) and EFTEM (energy filtering TEM) results clearly 

show that silicon atoms are present in the synthesized particles, and atoms belonging 

to organic molecules (C, O and N) have likewise been observed for genetic construct-

functionalized particles (Figure 2.34, 2.35). Energy spectrum shows other signal 

peaks that would be attributed to the composition of grid (in the case of Ni, Cu) or the 

stains used for particle visualization (in the case of U and Mg).  

One of the application areas for bio-dots is biomedical imaging. In terms of imaging, 

cancer cells are good candidates to test. Cell viability assay was performed to check 

the toxicity values for the designed genetic constructs. MCF10A is a normal human 

breast cell line while MDA-MB-231 and MDA-MB-436 are human breast 

adenocarcinoma cell lines. Silica concentration was measured as the total weight of 

the dried sample, neglecting the concentration of proteins, which are about four 

orders of magnitude less than silica. Results indicate that the nanoparticles do not 

exhibit differences between normal and cancerous cell lines in terms of cellular 

toxicity (Figure 2.36.). Overall, toxicity was comparably low while the effect of 

toxicity was observed both visually and enzymatically only at the highest silica 

concentration. Silica fluorescent particles designed in the present study are generally 

smaller than the particles used to study toxicity in the literature [139]. Contamination 

by a lower variety and concentration of chemicals would minimize non-specific 

toxicity while decreasing size, which could significantly contribute to the reactivity of 

silica particles with subcellular components. 
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Diatoms are valuable as an inspiration for the development of nanosized biohybrid 

materials. Their ability to synthesize silica nanostructures at ambient conditions with 

great precision is still yet to be characterized in full, but many studies prove that the 

degree of control in diatom silica biomineralization is intriguingly high. Coyle et al. 

and others have previously shown that silica binding tags can be used as effective 

protein purification tools [114]. The R5 tag facilitates the purification of proteins 

without the need for other affinity tags and thereby produces significantly less 

impurities after purification. The R5 peptide tag was used in two different operations 

as a bifunctional system. The first was to elute the protein of interest from cellular 

extracts by utilizing the affinity of the tag to silica. The second was to assist in the 

synthesis of silica micro/nanostructures by nucleating hydrolyzed silica ions. Sol-gel 

processing has been reported as an effective method for producing fluorescent 

nanoparticles through the incorporation of organic dyes during the silica synthesis 

process, and the brightness and emission of organic dye molecules could also be 

enhanced in silica-based nanoparticles [140]. During the design process of 

recombinant protein expression, the strategy of elution should be carefully selected 

[141]. Bifunctional tags help in the handling, and increase the speed and robustness 

of the whole process. Bifunctional tags were also proposed to be utilized in various 

applications of silica in biotechnology, such as carrier drug-gene delivery systems 

and biosensing [142, 143]. Fluorescent silica bio-dots can be utilized in biomedical 

applications not only for imaging purposes but also as drug and gene carriers with 

real time monitoring capabilities. Protein-based nano/micro particle synthesis is a 

promising approach due to the lower toxicity, ease of tunability and modularity 
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associated with this method. Given the wide range of applicability and universal 

biocompatibility of silica nano/micro-particles, these bio-dots can find use in a wide 

range of disciplines. 
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CHAPTER 3 

Synthesis of Curli Amyloid Fiber-based 

Functional Nanomaterials 

3.1. INTRODUCTION 

3.1.1. Biofilms and curli biogenesis 

This part of the thesis includes the biological synthesis of hybrid bionanomaterials 

using a synthetic biology approach. Synthetic biology allows the making of tools that 

are required for the realization of complex structures such as genetic circuits. Whole 

cellular machinery or functional portions are required for the biological synthesis of 

complex hybrid bionanomaterials. The development of modified bacterial strains that 

can be used as factories for biological synthesis is critical for this approach. Classical 
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genetic recombination techniques include the up- or down-regulation of single genes 

or genetic transfer of well-known coding sequences such as fluorescent reporter 

genes. This is achieved by recombination of target sequences into well-characterized 

plasmid/phagemid vectors. However, the effect of the transfected plasmid is 

unpredictable, since multiple factors may affect the gene products and silence or 

disrupt the effect that is expected from such systems. Quantitative plasmid 

performance is rarely considered as a factor for the successful expression of 

exogenous DNA sequences. Synthetic biology considers DNA sequences as genetic 

parts that are measured quantitatively, such that the performance of each individual 

part can be compared. This results in parts modularity, meaning that genetic parts can 

be changed with others to regulate the target sequence. Meaningful genetic parts are 

assembled to form genetic devices, which are generally considered as functional 

coding units. Interacting genetic devices, in turn, constitute genetic biosystems.  

Curli fibers are produced by a large gram-negative bacteria family called 

Enterobacteriaceae [144]. They are the major proteinaceous part of the extracellular 

matrix in biofilms. Biofilms are biological matrixes that are secreted by many 

unicellular microorganisms to form large microbial communities. Many biofilm-

producing bacteria, algae and fungi secrete proteins, carbohydrates, lipids, 

metabolites and DNA extracellularly to form biofilm structures. This 3D biofilm 

matrix is durable and resistant to heat, acidity and antibiotics. Although the biofilm 

structure looks rigid and immobile from the outside, bacterial cells that are present 

inside the biofilm structure are metabolically diverse and orientation-dependent. Most 
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cells within the biofilm hardly perform any metabolic activity, and outside threats 

such as predators, immune system agents or antibiotics cannot reach them. Even 

though antibiotics can reach them, their metabolic quiescence significantly reduces 

the effectiveness of antibiotics. Biofilms help in the survival of the bacterial colonies 

and some important aspects in intra and inter-species microorganismal 

communication [145]. Biofilm formation starts with quorum sensing (QS) signals. 

Among QS signals, AI-2 (autoinducer-2) is produced initially to synchronize 

bacterial cells for biofilm production [146]. Expression of motility genes is up-

regulated and bacterial colonies produce curli and type I pili, which facilitate the 

adhesion of bacterial colonies to external surfaces and each other [147, 148].  

Curli proteins are among the members of the growing list of amyloid fibers. 

Amyloids are responsible for many diseases, including Alzheimer’s, Huntington’s, 

Parkinson’s and prion diseases [149-151]. Amyloid fibers self-assemble from their 

monomers, producing barrel-type β–sheet structures [152]. These fibers are insoluble 

and resistant to degradation [153]. Curli production is induced in response to 

environmental cues such as reduced temperature, low osmolarity, desiccation, 

starvation or low oxygen levels [154-157].   

Curli fibers are secreted outside in the form of monomeric subunits and polymerase 

to form long, thin fibers. These fibers are generally 5-12 nm wide and can reach up to 

couple of millimeters long. Two subunits constitute the soluble part of the curli 

fibers, namely CsgA and CsgB. CsgA is generally called the major curli subunit and 

is shown to be the primary constituent of the growing curli fimbriae [144]. CsgB 
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(minor curli subunit) is the helper protein for the polymerization of CsgA. Truncated 

CsgB (from the C-terminus) was shown to be unable to bind to the external region of 

the outer membrane and therefore can be present at a distance from cellular 

appendages. This free form can induce the formation of curli fibers itself at a slow 

pace or help CsgA polymerization in vitro, in a process called nucleation-

polymerization pathway [158]. CsgA and CsgB are located on the same operon, of 

which activity is controlled by the csgD protein located on the adjacent operon [159]. 

There are two tightly regulated curli operons in E. coli, one contains CsgA, B and C 

while the other contains CsgD, E, F and G genes. The mechanism of curli 

biosynthesis mechanism is summarized in figure 3.1. Functions of most of the curli 

operon proteins have been described in the recent years. CsgC gene produces a 

periplasmic regulatory protein that detects CsgA protein that is folded prematurely in 

the periplasmic space, inhibiting the agglomeration of csgA and polymerization of 

curli fibers within the cell [160]. CsgG is an outer membrane-associated pore-forming 

lipoprotein that assembles in a nonameric complex that allows the passage of CsgA, 

B and F proteins [161]. CsgG overexpression leads to increased membrane 

permeabilization, which is reflected by erythromycin sensitivity [162]. CsgF protein 

has chaperone activity and it is required for the outer membrane localization of csgB 

protein. While CsgF acts as an anchoring protein, interacting with the CsgG pore 

complex, its precise mode of action in these interactions is unknown. CsgE is an 

adaptor protein that forms a temporary complex with unfolded CsgA and B to direct 

them to the outer membrane pore complex; CsgG. CsgE recognizes any protein 

having the N-terminal secretion signal (N22), carrying and binding them to the CsgG 
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for transportation [163]. It also recognizes unfolded CsgA and prevents its premature 

folding [164]. CsgE forms a nonameric complex like CsgG and acts as a capping 

protein that stabilizes CsgG pores [165]. All curli proteins carry a transport signal that 

allows them to be carried to the periplasmic space via a transport mechanism 

SecYEG [166].  
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Figure 3.1: The current model for the curli biosynthesis machinery.  
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3.1.2. Artificial material synthesizing peptides for bio and 

nanotechnology 

Biomineralization generally depends on the activity of peptides in specialized 

intracellular compartments such as organelles (e.g. silica deposition vesicles, 

magnetosomes). Since 3D structures of proteins are extremely diverse and prone to 

evolutionary changes, polypeptides and proteins emerged as principal factors for the 

initiation of biomineralization. Some proteins can bind ions as ligands in order to 

reduce those ions or remediate their toxic effects; phytochelatins, siderophores and 

metallothioneins are examples of such factors. However, their potential for 

nanomaterial synthesis is generally limited due to their large sizes. Chelators are 

metal binding metabolites with similar characteristics and smaller sizes, but genetic 

modification and genetic control on these metabolites are limited. Small peptides can 

be controlled by various methods and are small enough in size to facilitate 

bionanomaterial synthesis at ambient conditions.  

A number of approaches can be used to determine the sequence of material-

synthesizing peptides. Phage display (PD), Bacterial cell surface display (CSD) and 

yeast surface display (YSD) techniques use viral particles and microorganisms to 

select candidate peptides [167-169]. Combinatorial methods such as directed 

evolution can be used to constitute a DNA library for the synthesis of peptides of any 

desired length [170]. This biopanning process occurs in steps such as DNA library 

creation, expression, selection, isolation and enrichment [171]. Selected peptides are 
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expressed again in secondary (or higher) cycles to further increase the affinity of 

candidate peptides to the target ion [172]. To diversify the collection of peptides, 

random mutagenesis, site directed mutagenesis or random DNA libraries can be 

utilized for screening [173].  

Many material-synthesizing peptides were produced using display techniques. In one 

study, researchers screened a phage display library to obtain ZnO semiconductor-

binding peptides which share little or no resemblance to peptides previously reported 

in the literature [174]. This means that diverse possibilities are present in describing 

novel materials for material synthesis. In another study, peptides that precipitate 

metalloid silica from silica precursor molecules such as silicic acid were identified 

using a phage display library [175]. In vitro biosynthesis of silver nanoparticles on a 

surface was also achieved through a combinatorial phage display library method 

[176]. Using the same method, researchers were able to synthesize Pd (palladium) 

nanocrystals with a peptide called Q7 [177]. Several other materials were synthesized 

via peptides generated using phage display methods; such as gallium arsenide 

(GaAs), titanium oxide (TiO2), platinum (Pt), copper (Cu), nickel (Ni) cobalt (Co), 

and collagen/hydroxyapetite [178-183]. Hollow gold nanostructures or gold double 

helices can also be produced using gold binding peptides [184, 185]. A 

homohexapeptide library using all naturally occurring peptides was expressed using a 

yeast surface display method to identify peptide sequences for binding semiconductor 

materials such as CdS and ZnSe [186]. Inorganic binding peptides with ZnO2 and 

TiO2 affinity have been used to detect surface defects [187].  
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3.1.3. Artificial riboregulators  

Inducible gene expression systems are well-regulated genetic mechanisms that exert 

precise control over the expression status of a genetic system. Several inducer 

systems have been proposed, such as tetR/O, lacR/O and araC/I1-I2 [121]. While 

these systems generally perform well under most circumstances, the promoters can 

also be activated without the addition of an inducer molecule under certain 

conditions, such as increased temperature, high light intensity or medium salinity. 

Artificial riboregulators have been proposed to confer stricter control on gene 

expression by adding another level of control on protein synthesis via RNA-based 

silencing and activation mechanisms. These riboregulators post-transcriptionally 

suppress gene expression via cis-repressor sequences (cr sequence). These sequences 

are placed upstream of the RBS (ribosome binding site) sequence of the target gene 

of interest, as well as downstream of the TSS (transcription start site) and 

complementary to the RBS. After mRNA is produced, the cr sequence causes a stem-

loop structure to form, which blocks the RBS site for translation. In order to open up 

the RBS site, a secondary transcriptional unit is placed upstream to the whole system. 

This system contains a sequence (ta sequence; trans-activator sequence) that will be 

complementary to the cr sequence with greater affinity than the RBS and upon its 

expression; it will bind to the cr sequence to free the RBS. Therefore, translation can 

occur in the presence of the taRNA (Figure 3.2) [128]. In our study, we used an 

artificial riboregulator system that can be activated via aTc. Both promoters can be 

activated via this same inducer molecule (Figure 3.4). 
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Figure 3.2: A figure describing the mode of action of an artificial riboregulator. 

Adopted with permission from reference [128]. 

3.1.4. Bacterial whole cell sensors 

Whole cell reporters and synthesizers were aimed in this part of the thesis. Whole cell 

sensors are the sensors where the sensing is achieved by the cell itself. Whole cell 

sensors are accompanied by actuator modules that are acting upon sensing. For most 

of the current designs, these actuators are generally reporter systems. Reporter 

systems are generally proteins that are synthesized or activated upon sensing. 

Fluorescent proteins, luciferase bioluminescence, selection markers (antibiotics, β-

galactosidase activity), auxotrophy complementation and screening systems can be 

utilized as biological reporter systems. Biological whole cell sensors become an 
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attractive topic in the recent years due to the development of new molecular genetic 

tools and addition of novel genetic parts to the current list. Microorganisms are 

generally preferred to develop a whole cell biosensor because of their ease of 

handling, faster growth, quick responses and reduced maintenance costs.  

Whole cell sensors start to act upon reception of stimulant by the sensory systems 

inside, on or outside of the cell; in this case, stimulants are material precursor ions. If 

sensing occurred outside of the cell, the signal should be carried inside via signal 

transduction. Transduced signals reach the nucleic acid and change the behavior of 

the target molecule. Target molecules can be DNA response elements (promoters, 

operators etc.), proteins or metabolites. Upon direct or indirect activation by the 

stimulant, target molecules act to suppress or activate cellular mechanisms or target 

itself can form the final cellular response. Lac operon is an example of inherent whole 

cell lactose sensor. Lactose uptake is directed by the activity of Lac operon (activity 

of LacY and LacZ genes). Lactose is preferred by the bacterial cells only when less 

glucose is around, since glucose is the primary fuel for the glycolysis. Lac operon 

contain two regulatory regions; an operator where lacI (lac repressor) binds to silence 

the operon in the absence of lactose, and the CAP (catabolite gene activation protein) 

site where CAP binds to activate the lac operon in the absence of glucose. This 

system evolved to shift carbohydrate metabolism in the absence of glucose.  



102 
 

3.2. OBJECTIVE OF THE STUDY 

Our aim was to produce autonomous whole cell synthesizers that synthesize 

bionanomaterials in temporally and spatially controlled means. Genetically encoded 

means of functional peptide display on the surface of the bacterial cells was achieved 

by the modification of the curli fiber synthesis mechanism in E. coli. Precise control 

was conferred by inducible gene expression systems that express material-

synthesizing peptides on exogenous major curli subunits (Figure 3.3). The E. coli 

strain used in this study has its major curli subunit deleted. These peptides are 

responsive to a wide range of nanoparticle classes such as metals (Ag, Au), magnetic 

(FexOy) or semiconductors (ZnS, CdS). This biosystem was expected to produce the 

corresponding functional nanomaterials from monomers that will be polymerized on 

the cell surface through functional nanofibers (csgA-MBP).  

 

Figure 3.3: The exogenous expression of modified curli fibers on a surface.  
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CsgA-MBP circuits was improved a step further by incorporating a genetic control 

circuit that will function only in the presence of respective precursor ions. This was 

achieved by designing new constructs that will respond corresponding precursor ions. 

CsgA fusions MBP1 (Cd), MBP5 (Au) and MBP6 (FexOy) were selected for 

improvement. Material sensitive genetic parts were included to the original study 

design to make CsgA-MBPs induced only in the presence of respective precursor 

ions.  

3.3. MATERIALS AND METHODS 

3.3.1. Genetic designs and cloning of fusion peptide constructs  

CsgA-MBP constructs were realized with classical digest-ligate principles. csgA gene 

was retrieved from the wild type MG1655 E. coli genome that has both curli operons. 

Bacteria were grown overnight and the protocol that was suggested by the genomic 

DNA isolation kit (QIAamp® genomic DNA kit) was used to retrieve genomic DNA. 

Then using the primers listed in Appendix B, PCR was performed using genomic 

DNA as a template. PCR conditions were identical to the first chapter. Resulting 

fragments were run on agarose gel and the expected DNA bands were excised from 

the gel. DNAs in the excised gels were then isolated by DNA gel extraction kit 

(QIAquick Gel Extraction Kit) employing suggested protocol. Resulting DNA 

fragments and the pZA vector backbone were RE (restriction enzyme) digested by 

KpnI and MluI enzymes to create sticky ends. Then the ligation was performed by T4 

DNA ligase, using the suggested protocol. Ligated plasmid product was then 
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transformed to a chemically competent E. coli that is devoid of csgA gene using the 

generic heat shock transformation protocol. The transformation products were then 

spread onto an agar plate having the necessary antibiotics (in this case, 

chloramphenicol; Chl) and incubated at 37oC overnight. Some of the positive 

colonies were selected and glycerol stocks of those colonies were prepared. Those 

colonies were also grown in LB medium overnight at 37oC. The next morning, DNA 

miniprep was performed to retrieve the amplified plasmid DNA from the bacteria 

using the protocol suggested by the miniprep kit (QIAprep spin miniprep kit). DNA 

concentrations and purity was assessed semi-quantitatively using a spectrophotometer 

(Nanodrop 2000, USA). Then the selected DNAs were sent for sequencing. Amino 

acid sequences of proteins and nucleotide sequences of DNA is listed in Appendix. 

For the sensor part, Gibson assembly reaction was performed to ligate the parts. The 

DNA sequences that belongs to foreign organisms were artificially synthesized 

(FragmentGENE service, Genewiz, USA) Primers were ordered and PCRs were 

performed to create homology regions. pZA vector with chloramphenicol resistance 

was utilized in all the constructs.   

3.3.2. Protein structure prediction and other analysis tools 

Peptide characteristics were determined using pI/Mw compute online tool 

(https://www.expasy.org). Peptide 2D sketches were drawn via “PepDraw” online 

tool (http://pepdraw.com). 3D structures for the CsgA protein with the fused peptides 

were predicted using the tool RaptorX (http://raptorx.uchicago.edu). Peptide and 
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fusion protein 3D structures were formed by “The PyMOL” (Molecular Graphics 

System, Version 2.0 Schrödinger, LLC). ImageJ program was used to determine 

crystal violet image analysis.  

3.3.3. Congo Red staining 

The bacterial culture was grown until OD600 values reach 1. Then 1.5 ml of bacterial 

culture was taken into an Eppendorf tube. After centrifugation, supernatant was 

decanted. Then, Congo Red solution was added in equal amounts to each tube (final 

concentration 20 µg/ml) then resuspended. After 15 min. of incubation, the tubes 

were again centrifuged and images were taken. 

3.3.4. Crystal violet staining 

Crystal violet is a dye that is used to assess the biofilm formation. The cultures for 

each construct were grown overnight. Then, culture was replaced with fresh medium 

and 1:100 dilution was made. M63 medium that is supplemented with magnesium 

sulfate (1 mM) and 20 mM glucose was utilized as a replacement medium, which is 

preferred for healthy biofilm induction. 2 ml of culture was placed in 24 well plates 

and incubated for 2 days. After incubation, the medium was decanted by turning the 

plate downwards and taking the remaining fluid via pipetting. The wells were washed 

three times with ddH2O. Washing step reduces background signal by removing 

unattached cells to the surface. Then 200 µl of 0.1% crystal violet was added to the 
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wells and incubated for 15 min. The wells were washed at least 3 times to remove 

excess crystal violet dye. Multiwell plate was dried before photographing.  

3.3.5. Material synthesis by modified curli fibers 

After curli production was induced by aTc (100 ng/ml), the culture was incubated for 

2 days to express modified curli. Afterwards, separate protocols were applied to 

initiate material synthesis. For CdS synthesis, CdCl2 (1 mM) was added into the 

medium and the culture was incubated at room temperature for 12h. Then Na2S (1 

mM) was added to the medium and incubated +4 oC for an additional 12h. Same 

protocol was utilized for ZnS, just replacing CdCl2 with ZnCl2. For gold nanomaterial 

synthesis, HAuCl4 (Chloroauric acid, 5 µM) was added to the media and protected 

from light at room temperature for 36h. Same protocol was utilized for Ag synthesis, 

AgNO3 (4 µM) was used instead. For ironoxide synthesis, FeCl3 (1 mM) was added 

to the media and incubated for 30 min at room temperature. Then the samples were 

incubated at +4 oC for 90 min.  

3.3.6. Scanning electron microscopy 

Small pieces from silica wafer were cut via diamond cutter in order to use them as 

surfaces. 1 µl of sample were drop casted on the silica wafer piece. Samples were 

then incubated in fixation solution (2.5% Glutaraldehyde in 1X PBS) at +4 oC 

overnight. Next morning, the samples were dried using ethanol solutions of 

increasing concentration (%40, %70, %96, and % 100). Each solution was 
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incubated for an hour. All liquid was decanted, and then samples were air dried for an 

hour. Samples were then placed on PECS machine (precision etching coating system) 

and sputter coated (5 nm) with Au-Pd alloy (Gold binding MBP5 sample was coated 

with Cr). Samples were loaded to the SEM (FEI Quanta, USA) and visualized.  

3.3.7. Transmission electron microscopy 

This protocol is the same that is used in chapter 2. 

3.3.8. Fluorescence microscopy 

The same protocol that was utilized in chapter 2 was applied to visualize the CdS, 

ZnS samples and gold, cadmium and iron oxide sensors. Gold sensor induction was 

also assessed via confocal laser scanning microscopy (CLSM) images. While 

preparing the samples for confocal imaging, a mounting agent that protect fluorescent 

signal was added to each sample (Fluoromount™ Aqueous Mounting Medium, 

Sigma, USA). Then samples were visualized in CLSM. Cadmium particle attached 

curli nanofibers were also visualized using CLSM. In order to detect the plane that 

the best signal retrieved, z-stacking was performed. Resulting images were post-

processed via maximum intensity projection to increase the image quality.  



108 
 

3.3.9. Induction of precursor induced material sensitive reporter 

systems 

To induce the plasmids containing YFP as reporter signals (Cadmium YFP, Gold 

YFP and Iron oxide YFP), the bacterial cultures were grown from glycerol stocks 

overnight at 37 oC and diluted into 1:100 fresh LB medium in a 96-wells microtiter 

plate. LB was used for growth at all times. LB medium has a background 

fluorescence, however the difference between control groups and the induced samples 

can still be discernable. Concentration gradients of 0.1 µM, 0.5 µM, 2.5 µM, 12.5 

µM, 50 µM were selected with six replicates of each concentration. Since material 

synthesis was not targeted in this part, only the precursor ions were added to the 

medium. No-ion and no ion and no aTc control groups were included for cadmium 

and ironoxide constructs (gold construct does not need aTc). After aTc was added to 

the media, 2h of incubation at room temperature was necessary to make the bacterial 

cells adapt to the fresh media with aTc, before addition of precursor ions. Additional 

5h of incubation was made before measurements. Microtiter plate was placed in 

multiwall plate reader (SpectraMax M5, USA) with an exc. emis. wavelength pair of 

514-528 nm. OD600 values were measured and all the fluorescence values were OD 

normalized. Error bars were the standard deviation values for all measurements. 

Precursor ion induced curli production was achieved using the same constructs while 

replacing YFP with corresponding CsgA-MBPs. The concentration range was 

extended upwards to the 200 µM for those constructs.  
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3.3.10. Gold nanoparticle size experiments 

Gold NPs size assessment was performed on the SEM images for gold inducible 

CsgA-MBP5 samples. To prepare the samples, gold was added to the media which 

induces the formation of modified curli fibers as well as acting as precursors for gold 

nanoparticle synthesis. The concentrations of gold added to the media were kept 

higher than normal, since nanoparticle formation requires prolonged exposure to 

higher concentration of materials (from 20 µM to 1 mM). The induced samples were 

incubated for 3 days and SEM samples were prepared. More than 20 particles were 

randomly selected from the SEM images and particle areas were calculated using 

ImageJ programme.  

3.3.11. Cross-reactivity of precursor ions 

In cross-reactivity experiments, three constructs (gold, cadmium and iron oxide) were 

incubated with the other two ions that are not expected to induce the sensor. 50 µM 

was selected as the induction concentration and all the materials were measured for 

their YFP fluorescence at the beginning of the experiment and at the 5th h. Negative 

control was ΔcsgA strain with no ions added to the media.  
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3.4. RESULTS 

3.4.1. Curli templated nanomaterial synthesis 

3.4.1.1. Molecular genetic designs of major curli subunit-conjugated 

material binding peptides  

Over-arching goal of this part is to realize the templated autonomous synthesis of 

functional biological materials using genetically encoded curli fiber nanostructures of 

E. coli. Materials that are targeted for synthesis range from metals, metalloids to 

semiconductor materials. The DNA coding sequences for peptides that are known for 

their affinity to the desired materials was fused to the CsgA major curli subunit. 

CsgA gene was deleted from the genome of the E. coli strain that this study was 

performed (E. coli MG1655 DH5αPRO, ΔcsgA). Therefore, no interference by the 

endogenous CsgA will be observed (Figure 3.3). The synthesis of the CsgA is 

directed by an inducible system, a system similar to the one that is used in the second 

part of this thesis. In this system, aTc (anhydrotetracycline) was used as an inducer 

molecule to initiate activation of pLtetO promoter. This promoter is strictly 

suppressed by TetR in the absence of an inducer molecule. Inducer molecule allows 

the conformational change in the structure of the DNA molecule that displace the 

suppressor molecule to allow binding of RNA polymerase, which is required for 

transcription to initiate. Further control on this promoter region is conferred by the 

riboregulator mechanism. OmpR234 mutation in the strain that is used in this study 
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causes upregulation of curli synthesizing proteins leading to the thicker curli fibers in 

laboratory. pZA vector was utilized in all of our experimental sets, the same vector 

that is used in the second part of this thesis.  

 

Figure 3.4: Genetic design used for the CsgA-MBPs.  

Redundancy of genetic codes (codon degeneracy) results in the possible DNA 

sequence candidates when only the peptide sequence is available to the researcher. 

However, E. coli has biases for some of the aminoacyl-tRNAs and ignoring this fact 

could result in reduced protein expression. Therefore, codon bias tables are produced 

for E. coli to avoid reduction in protein expression. This table was taken into 

consideration while determining DNA sequences of these peptides (Table 3.1.).  
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Table 3.1: List of peptides that are used in this study. Codon optimized DNA 

sequences are shown in the last column. GS linker sequence (GGGS) was included 

between csgA gene and the peptides of interest.  

 

 

Peptides sequences that are used in this study were determined by phage display 

method [188]. A lysogenic filamentous phage like M13 is used for polypeptide 

presentation on its surface. In this technique, target peptide coding DNA sequence 

(library of peptides in this case) is fused to the phage major or minor coat proteins 

which are then displayed on the surface of the virus particle. Displayed peptides were 

then scanned for their affinity for the material of interest on an immobilized surface. 

After several washing and enrichment steps, peptides that maintain an affinity to the 

material were selected and its DNA is amplified to determine its sequence. Then 

peptide sequence is determined from the sequenced DNA [189].  
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Table 3.2: Information about peptides (size, hydrophobicity, net charge, pI and MW). 

These values were calculated using the “Compute pI/Mw” tool 

(https://www.expasy.org).  
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Figure 3.5: Linear sketch of short peptides used. PepDraw tool was utilized to create 

the images.  
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There are seven total peptides to be attached to CsgA. These peptide sequences are 

short in size (9 amino acids to 16 amino acids). The peptide sequences were 

determined via literature search on the peptide sequences selected using phage 

display method for the materials CdS [63], ZnS [190], Ag [176, 191], Au [192, 193] 

and FexOy [194, 195]. Gold (metal), iron oxide (semiconductor), cadmium sulfide 

(semiconductor quantum dot), silver (metal) represents major nanoparticle classes in 

terms of material origin. Peptides have distinct characteristics (Table 3.2.)  
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Figure 3.6: Material binding peptide primary structures (left) and CsgA-MBP fusion 

protein 3D structures (right). PyMOL was used to form peptide structures from the 

sequence and RaptorX protein structure prediction software was used to form 

modified CsgA-MBPs.   
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By having a genetic control on the synthesis of these fusions constructs, one can 

direct size, shape, texture and orientation of materials at nanoscale. Figure 3.7 

describes the expected model for the CsgA-MBP (material binding peptide) fusion 

system. Notice that the csgA subunit has a peptide attachment on C-terminus.  

 

Figure 3.7: Expected model for the csgA-material binding peptide fusion peptide 

expressed in E. coli cells. 

In our genetic designs, csgA gene was placed upstream to the DNA sequence of 

peptide of interest (Figure 3.4.). GS-linker (GGGS) DNA sequences were placed 

between these two fusion partners, which increase the likelihood of the independent 
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folding of each polypeptide. This increase the total DNA length that would be 

attached to the ends of the csgA gene up to 60 bp. Some homology sequences are also 

needed to prime the csgA gene, so a single reverse primer is not enough to place the 

whole sequence at the 3’ end of the csgA gene. Therefore, just like the strategy that 

was followed in the first chapter, two or more primers were ordered and 

corresponding number of PCRs were performed consecutively (Multiple overhang 

PCRs, refer to Figure 2.6).  

 

Figure 3.8: Agarose gel electrophoresis (1%) results, for MBP1-5 (A), MBP6 (B) and 

MBP7 (C). 1 Kb DNA ladder (NEB, USA) was used to determine DNA lengths. Gel 

was stained with SYBR safe nucleic acid dye (Thermo Fisher, USA). Temperature 

gradient was applied to ensure positive signal for target bands. MBP coding 

sequences have varying lengths (~480 bp – ~540 bp). Gel bands that correspond to 

the MBPs were highlighted with arrows, DNA ladder 500 bp bands are also 

highlighted. 
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3.4.1.2. Verification of cloning 

The designs were confirmed by sequencing our gene of interest with a sequencing 

primer binding to the backbone of our plasmid. All these constructs (total of 7) were 

sequence confirmed. Sequencing quality was above 70% for the whole and 90% for 

the important parts. All the sequencing results for the MBP inserts were exact match 

with the reference sequence (Appendix D). 

3.4.1.3. Synthesis of modified curli fibers 

After sequencing was performed, curli fiber expression was shown by Congo Red 

staining technique. Congo Red is a special dye that has the affinity for amyloid fiber 

structures.  

 

 

Figure 3.9: Demonstration of curli fiber presence via Congo Red staining.  
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Figure 3.10: Curli fiber presence was shown via crystal violet dye binding as a 

function of concentration of black areas. A) Curli production was induced in the 

lower wells. B) Quantification of curli fibers using the images from (A) via ImageJ. 

Crystal violet results clearly show that induced samples express curli fibers for each 

MBP constructs. This trend is also shown by measuring the intensity of black dots in 

each well by ImageJ programme in a representative graph (Figure 3.10).  
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3.4.1.4. Characterization of curli fiber-based nanomaterials 

3.4.1.4.1. Scanning electron microscopy 

Addition of short peptides to the ends of the major curli subunit may result in the 

dysfunctional curli; however, curli expression shows that it is not a valid statement 

for this case. Curli fiber expression can also be shown via imaging methods such as 

SEM (scanning electron microscopy), TEM (transmission electron microscopy) and 

AFM (atomic force microscopy). SEM and TEM methods were employed in this 

chapter in order to show curli fiber presence. Left SEM images in Figure 3.11-13 

shows the cells that are induced by aTc. All the constructs that are induced to express 

CsgA-MBP do express curli fibers. The morphology of the modified curli fibers 

resembles the inherent curli fibers.  
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Figure 3.11: SEM imaging for determining material synthesized on curli fibers. The 

SEM images were ordered from MBP1 to 3 (from up to down) respectively. Both 

sides of the image contain curli fibers induced by aTc. Left sides contain MBP 

constructs in the absence of respective precursor ions while right sides contain 

precursor ions (respective ions were written on the upper right corner of each image). 

White bars are 1 µm.  
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Figure 3.12: SEM imaging for determining material synthesized on curli fibers. The 

SEM images were ordered from MBP4 and MBP5 (from up to down) respectively. 

Both sides of the image contain curli fibers induced by aTc. Left sides contain MBP 

constructs in the absence of respective precursor ions while right sides contain 

precursor ions (respective ions were written on the upper right corner of each image). 

White bars are 1 µm.  
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Figure 3.13: SEM imaging for determining material synthesized on curli fibers. The 

SEM images were ordered from MBP6 and 7 (from up to down) respectively. Both 

sides of the image contain curli fibers induced by aTc. Left sides contain MBP 

constructs in the absence of respective precursor ions while right sides contain 

precursor ions (respective ions were written on the upper right corner of each image). 

White bars are 1 µm.  
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Curli fibers are of 10 nm in width and if they do not form bundles, it is hard to 

visualize it with the Scanning Electron Microscope. The resolution limits of SEM do 

not let clearer image for the curli fibers. Therefore, transmission electron microscopy 

(TEM) was selected to visualize the curli fibers.  

3.4.1.4.2. Transmission electron microscopy 

Transmission electron microscopy has been used to see curli fibers and nanoparticles 

with higher magnification and with better clarity. Study design includes organic-

inorganic hybrid materials, classical HRTEM mode will favor the particles having 

bigger nucleus, so curli nanofibers will be disadvantaged in imaging. Therefore, 

STEM (scanning transmission electron microscope) mode was utilized to achieve 

better contrast, better 3D qualities and lower imaging impurities. STEM HAADF 

(high angle annular dark-field imaging) clearly reveals that the curli fibers are 

produced abundantly for each construct.  
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Figure 3.14: STEM (Scanning Transmission Electron Microscopy) HAADF (High 

angle annular dark field imaging detector mode) result of csgA-MBP1, 2, 3. Electron 

beam power of 200 KeV was used. Curli fibers are seen as networks. Typical 

magnification is 100Kx. Curli fibers have expected widths. White bars are 500 nm.  
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Figure 3.15: STEM (Scanning Transmission Electron Microscopy) HAADF (High 

angle annular dark field imaging detector mode) result of csgA-MBP4, 5. Electron 

beam power of 200 KeV was used. Curli fibers are seen as networks. Typical 

magnification is 100Kx. Curli fibers have expected widths. White bars are 500 nm.  
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Figure 3.16: STEM (Scanning Transmission Electron Microscopy) HAADF (High 

angle annular dark field imaging detector mode) result of csgA-MBP6, 7. Electron 

beam power of 200 KeV was used. Curli fibers are seen as networks. Typical 

magnification is 100Kx. Curli fibers have expected widths. White bars are 500 nm.  

Synthesized particles look as brighter spots on the TEM images, since they absorb 

more electrons to shine in a dark field imaging mode (Figure 3.14-16., images on the 

right). All the materials that are synthesized in the presence of precursor ions are less 

than 100 nanometers. Individual particles are hard to visualize from the TEM results, 

so particle size analysis was not performed for these samples. Particles for MBP 3-5 

are bigger than the rest.  
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Figure 3.17: EDS (Energy dispersive X-ray Spectroscopy) study for detection of 

material origin of nanoparticles. The graphs were ordered from MBP1 to MBP3. For 

clarity, peaks that have the energy values bigger than 15 KeV was omitted. Red 

arrows point the expected peaks for the corresponding materials. U and Mg peaks are 

the result of Magnesium Uranyl Acetate used to stain the samples. Ni peak comes 

from the TEM grid.  
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Figure 3.18: EDS (Energy dispersive X-ray Spectroscopy) study for detection of 

material origin of nanoparticles. The graphs were ordered from MBP4 and MBP5. 

For clarity, peaks that have the energy values bigger than 15 KeV was omitted. Red 

arrows point the expected peaks for the corresponding materials. U and Mg peaks are 

the result of Magnesium Uranyl Acetate used to stain the samples. Ni peak comes 

from the TEM grid.  
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Figure 3.19: EDS (Energy dispersive X-ray Spectroscopy) study for detection of 

material origin of nanoparticles. The graphs were ordered from MBP6 and MBP7. 

For clarity, peaks that have the energy values bigger than 15 KeV was omitted. Red 

arrows point the expected peaks for the corresponding materials. U and Mg peaks are 

the result of Magnesium Uranyl Acetate used to stain the samples. Ni peak comes 

from the TEM grid.  
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EDS module of TEM was utilized in our study to determine the material origins. EDS 

was only used for the samples that contain precursor ions. Carbon and Oxygen signal 

is coming from both the grid itself and the biohybrid material. This is proved by 

variable ratios of these two elements across different samples.  

3.4.1.5. Functional assay for synthesized materials 

Functional characterizations of the materials synthesized by the binding peptides 

were shown for some MBPs. Each material has unique nanoparticle characteristics. 

Semiconductor quantum dots such as CdS and ZnS fluoresce upon synthesis. 

Quantum dots are semiconductor nanoparticle with tunable characteristics. 

Fluorescence microscopy could show the CdS and ZnS QD fluorescence. Optical 

characteristics of QDs primarily depend on the particle sizes. Reducing particle sizes 

resulted in higher bandgap energies causing higher energy emissions (smaller 

particles emit violet light while bigger particles emit red light.)  
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Figure 3.20: CdS particle fluorescence of E. coli incubated in the presence (lower 

panel) and absence (upper panel) of precursor ions. CsgA-MBP1 (CdS) construct was 

used. White bars are 20 microns. 
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Figure 3.21: ZnS particle fluorescence of E. coli incubated in the presence (lower 

panel) and absence (upper panel) of precursor ions. CsgA-MBP2 (ZnS) construct was 

used. White bars are 20 microns.  
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3.4.2. Material precursor inducible whole cell sensor systems 

Since the proposal of the first microbial biosensor by Karube et al. in 1977 [196], the 

development of biosensors received intense attention. Biological sensors surpass their 

conventional counterparts in terms of complexity, cost and consumption of time 

[197]. The need for the development of advanced biological sensors is arising. 

Biological sensors generally rely on the response from reporter genes such as 

fluorescent proteins such as GFP or luminescent proteins such as luciferase. Other 

proteins such as beta-galactosidases or toluene dioxygenases are also used to form 

arsenic sensors and cellular stress sensors, respectively [198]. Synthetic biology tools 

are also used in this aspect to form novel biological sensors.  

Curli-templated functional material synthesis was shown in 3.3.1. In order to improve 

on this subject, previous designs were modified to replace aTc inducible promoters 

with precursor ion inducible promoters. These systems will produce modified curli 

fibers (CsgA-MBPs) only in the presence of precursor ions. Three of the five 

constructs were chosen for this part. These are CdS (CsgA-MBP1, semiconductor QD 

NP), Au (MBP5, metal NP), FexOy (MBP6, magnetic NP) synthesizing peptides. 

Silver (metal NP) and ZnS (semiconductor QD NP) were omitted for the rest of the 

study since similar NPs are already synthesized by selected MBPs.  

Before realizing these constructs, whole cell sensor constructs were made that will 

measure the performance of the vector backbones. Sensor constructs include the YFP 

(yellow fluorescent protein) reporters instead of CsgA-MBPs. YFP signal intensities 
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were tracked to determine the minimum concentration for reliable induction of each 

constructs. Gibson assembly was used to ligate the parts.  

3.4.2.1. Cadmium sensor 

Cadmium is a toxic metal-like element found in nature. CadR transcriptional activator 

is cadmium sensing protein that is produced by Pseudomonas species to resist 

devastating effects of cadmium ions [199]. In this system, a cadmium ion sensing 

protein called CadR was selected that was from Pseudomonas putida, rod-shaped, 

non-sporulating, gram-negative, soil dwelling microbe[200]. CadR is a 147 aa 

sequence specific DNA binding, cadmium ion specific protein. It belongs to the 

group of MerR family of transcriptional regulators. MerR family members are 

exclusively found in the bacteria domain. C-terminal effector binding regions and N-

terminal helix-turn-helix DNA binding regions are present in each of their members 

while effector binding region varies which determines the availability of the ions that 

can attach to that region[201]. pCadA is the promoter of the protein CadA that is 

produced in response to the cadmium [202]. cadR gene and the pCadA promoter was 

synthesized by artificial gene synthesis service. Genetic design for this construct is 

shown in Figure 3.22.  
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Figure 3.22: Genetic design for cadmium inducible whole cell sensor. CadR gene 

expression is controlled by the addition of aTc to the environment. aTc is not enough 

for expression of the reporter gene, YFP. Cd2+ ions are necessary to complement 

CadR expression to activate transcription of YFP via its promoter pCadA. Cd2+ ions 

can also directly activate the pCadA expression by binding to the pCadA promoter.  

These plasmids were induced by materials rather than inducer molecules. Three 

elements were chosen for induction, namely gold (metal), cadmium sulfide 

(semiconductor quantum dot) and iron oxide (magnetic NP), representing all three 

nanoparticle classes used in this study. Gold sensor contains two transcriptional units 

that are induced with Au3+ ions. Several gold concentrations were tried to induce YFP 

signal, ranging from 0.1 µM to 50 µM. Same concentrations were employed for 

cadmium and iron oxide sensor constructs. Cadmium and iron oxide constructs 

require additional aTc to induce the proteins that respond to those precursor ions.  

CadR gene, its terminator and the pCadA promoter sequences were artificially 

synthesized. Original DNA sequence of CadR is slightly modified to match E. coli 

codon bias, this can easily be achieved via gene synthesis. Also, the researchers do 

not need the organism itself (in this case, P. putida) to retrieve its DNA sequences to 

physically obtain the CadR and pCadA DNA sequences.  
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The three pieces that are used to form cadmium sensor (YFP, CadR-pCadA and the 

vector backbone) were ligated by Gibson assembly. Each piece was PCR amplified to 

create Gibson homology regions. Gibson homology regions contain restriction 

enzyme sequences in order to facilitate further modifications on these plasmids. 

Ligated plasmid was transformed into E. coli DH5αPRO ΔcsgA strain. Sanger 

sequencing reveals that the plasmid sequence fully match the reference sequence of 

our designs (Appendix D).  
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Figure 3.23: Fluorescence microscopy results reveal YFP signal of bacteria induced 

by cadmium ions. White bars are 50 micrometers. 

Fluorescence microscopy results show that when one of the inducers are absent from 

the medium, we do not observe any YFP fluorescence. YFP fluorescence becomes 

more pronounced as the concentration of Cd increased. The sensor quality can be 
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comparable to the chemical methods in the literature [203]. There is a jump in YFP 

signal between 0.5 µM and 2.5 µM. Same phenomenon can be observed in 

fluorescence spectroscopy (Figure 3.24). The concentrations of Cd between the 0.5 M 

and 2.5 M were used to repeat the experiment to see the induction pattern. Linear 

correlation between Cd concentration and the YFP signal was observed. The 

concentrations higher than 50 µM were reported to exhibit strong toxic effects. We 

observe the bleaching of YFP signal in very high concentrations, probably resulted 

from direct interference of Cd2+ ions to the YFP structure.  

 

Figure 3.24: Fluorescence spectroscopy results after cadmium ion added to the 

medium. Exc.-emi. pair of 514-528 nm was used. A) Cd2+ concentration ranges from 

0.1 µM to 50 µM. Data represent mean ± SD (n = 6). B) Cadmium sensor construct 

fluorescence induced with the moderate concentrations of Cd2+ ions. One-way 

ANOVA analysis was performed. Statistical differences are indicated as: ** p < 0.01 

and *** p < 0.001; data represents SD n = 3). 
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Figure 3.25: Time and dose dependent induction of cadmium sensor by cadmium 

ions. Exc.-emi. pair of 514-528 nm was used. 

An additional experiment that investigates time dependent behavior of cadmium 

construct was performed. This experiment yields similar results to the previous 

experiments. Addition of 0.1 µM of cadmium is not enough to initiate a response at 

all.  

3.4.2.2. Gold sensor 

GolS is a member of the MerR family of transcription regulators from Salmonella 

typhimurium. It selectively binds Au ions. pGolB depends on GolS for its activity and 

GolS autoregulates its expression upon binding Au3+.  
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Figure 3.26: Genetic design for gold inducible whole cell sensor. GolS gene 

expression is controlled by the addition of gold ions to the environment. GolS protein 

binds to the pGolB promoter in the presence of Au3+ ions. Activated GolS can also 

induce its promoter pGolTS in positive feedback loop. 

Different from the previous design for cadmium, gold sensor does not include 

synthetic promoters like pLtetO. S. typhimurium locus pGolTS-GolS-pGolB sequence 

is used in gene synthesis as a template. Codon bias modifications were done for GolS 

gene and the terminator sequences were replaced with well-characterized rrnB-T1. 

Gibson assembly was used to ligate parts. Sequencing result can be seen at Appendix 

D. 

Since this construct does not need aTc to activate any proteins as a result of 

autoregulation by GolS protein, only gold ion was a parameter for induction. 

Fluorescence microscopy reveals fluorescence signals for the bacterial cells 

possessing the plasmid. Gold induction can be observed even at very low 

concentrations of gold ions, such as 0.5 µM. No induction can be observed when 

there are no gold ions present in the media.  
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Figure 3.27: Fluorescence microscopy results reveal YFP signal of bacteria induced 

by gold ions. White bars are 50 micrometers. 
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Figure 3.28: Fluorescence spectroscopy results after gold added to the medium. Exc.-

emi. pair of 514-528 nm was used. A) Au3+ concentration ranges from 0.1 µM to 50 

µM. Data represent mean ± SD (n = 6). 

Gold induction was quantitatively analyzed by fluorescence spectrometer method. 

The induction regime is highly linear and gold ion dependent (Figure 3.28). The 

highest fluorescence intensity values were reached for the 50 µM gold induced 

samples, while confocal images show that the percentage of cells induced was lower 

for 50 µM than 12.5 µM. This can be due to the enhanced production of YFP per cell 

in 50 µM gold added samples that might compensate for the reduced percentage of 

cells.  
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3.4.2.3. Iron oxide sensor 

Same principles were applied to design an iron oxide sensor. Literature research does 

not reveal a protein that can activate a promoter in response to the iron specific 

sensing. Fur is the two transcription factors that both have the iron binding domain at 

the C- termini and the winged HTH (helix turn helix) DNA binding region at the N-

termini. Fur factor is expressed to induce ~90 downstream gene expression in E. coli 

genome in the absence of bioavailable iron. However, this factor is activated in the 

absence of iron and E. coli already has a devoted system for iron sensing. 

Constitution of an exogenous iron sensing system therefore seems to be much more 

complex than thought.  

DtxR (diptheria toxin repressor) is a transcriptional repressor protein activated in the 

presence of iron. This protein is endogenously produced in response to iron by the 

bacterium Corynebacterium diphtheria. Target DNA element of this promoter is 

distinct (pToxA promoter), facilitating the use of DtxR transcription factor as a 

heterologous expression system, since dtxR gene exogenous to E. coli and the DtxR 

was not expected to be regulated by Fur protein. Fur regulated downstream genes can 

still be repressed by iron presence.  

The problem of inherent nature of DtxR protein being a transcriptional repressor can 

be solved by an inverter circuit. Inverter circuits invert the incoming signal; it does it 

via LacI repressor protein and the pLacO promoter. E.g. if an activator binds to its 

promoter that produce LacI in response to that, then LacI can repress the pLacO 
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promoter to inhibit mRNA synthesis. Thereby a repressory output is obtained by an 

activator protein using a genetic signal inverter. Inverter part will invert the 

repressory output of DtxR and enable YFP production. Genetic design is described in 

Figure 3.29. 

 

Figure 3.29: Genetic design for iron inducible whole cell sensor. DtxR protein binds 

to the pToxA promoter only in the presence of Fe ions and suppresses its 

transcription (LacI protein). When LacI gene is suppressed, it cannot in turn suppress 

pLacO1 promoter. Unsuppressed synthetic pLacO1 promoter can activate 

transcription of its downstream gene, in this case it is YFP protein. 

Inverter part was obtained from the registry of standard biological parts (Part ID: 

BBa_Q01121, MIT, USA). DtxR-terminator-pToxA part was synthesized by artificial 

gene synthesis. PZa backbone was utilized as vector backbone and final part includes 

the YFP coding gene. After ligation, the construct was transformed into E. coli 

MG1655 DH5α strain. Unless PRO version of this strain, it is devoid of the genomic 

integration of constitutively active LacI gene, which would disrupt the function of our 

construct directly. This strain is also devoid of constitutively expressed TetR protein 

which causes pLtetO to work like a constitutive promoter. However, DtxR protein 

needs Fe to bind to its cognate promoter.  
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The construct was confirmed by sequencing. The sequencing does not cover the 

entire inverter part as one can see from the Sanger sequencing graph (Appendix D), 

However, the genetic part sequence was previously entirely confirmed by other 

groups.  

 

Figure 3.30: Fluorescence microscopy results reveal YFP signal for bacteria induced 

by iron ions. White bars are 50 micrometers.  
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The iron sensor is activated at relatively higher precursor ion levels than the other 

sensors (2.5 µM). Fluorescence spectrometer results point that the background 

fluorescence for the control groups are relatively high (Figure 3.31). However, there 

is still difference between the un-induced samples with the induced ones. High 

background may be the result of circuit complexity. This plasmid has five 

transcriptional units in it (resistance gene, riboregulator, DtxR, LacI and YFP) which 

are relatively densely packed into this plasmid. Additionally, E. coli has an iron 

regulatory system directed by Fur transcriptional activator which can also affect the 

dose dependent response quite considerably.  

 

Figure 3.31: Fluorescence spectroscopy results after gold added to the medium. Exc.-

emi. pair of 514-528 nm was used. Iron concentration ranges from 0.1 µM to 50 µM. 

Data represent mean ± SD (n = 6). 
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3.4.3. Production of functionalized curli nanofiber upon induction by 

material precursors 

After construction and demonstration of whole cell biosensors, modified curli 

material synthesis systems were integrated to these systems. Resulting systems would 

be able synthesize modified curli nanofibers that can be induced by nanomaterial 

precursor ions and corresponding materials will nucleate on these functional 

nanofibers; e.g. when gold ions are added to the media, bacteria will start to 

synthesize gold binding peptide fused curli nanofibers and these curli fibers will 

attract the gold ions in the media to form curli-templated gold nanofiber structures.  

Sensor constructs were utilized as a template to constitute these new constructs. In 

order to realize them, YFP coding gene was replaced by the corresponding CsgA-

MBPs. The primers in this part are listed in Appendix B. 
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3.3.3.1. Cadmium inducible functional curli nanofiber synthesizer 

 

Figure 3.32: Genetic design for cadmium inducible modified curli nanofiber 

synthesizers for CdS. Riboregulator system is used to control CadR transcription in 

the presence of aTc. CadR will interact with pCadA in the presence of Cd2+ ions in 

order to activate downstream CsgA-MBP1. Cd2+ ions can also directly activate the 

pCadA expression by binding to the pCadA promoter. 

Using PCR amplified parts and the Gibson assembly cocktail as ingredients, plasmid 

vector was constituted. Plasmid was transformed to MG1655 DH5αPRO strain. Then 

the plasmid was sequence verified (Appendix D). Then dose dependent curli 

production assay (Congo Red) was performed on this plasmid (Figure 3.33).  
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Figure 3.33: Congo Red assessment of curli induction by cadmium ions. Eppendorf 

tubes contain centrifuged cells that bind Congo Red dye. Concentrations were from 

0.5 µM to 200 µM. Lower graph was formed by the absorbance of supernatants of the 

Eppendorf tubes that are normalized to the bacterial growth. Data represent mean ± 

SD (n = 3). 

Congo red assay was performed on the cultures that are 3 days old. First, the grown 

cells were diluted by 1:10 and regrown. When the OD values reach up to 0.8, material 

precursor ions were added to the environment. After 12h of precursor ion addition, 

Na2S was added. Then the samples were incubated for 2 days more, before Congo 

Red assay was performed.  
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Figure 3.34: Cadmium induced curli fiber-based (CsgA-MBP1) nanomaterial 

synthesis (CdS). White bars are 1 micron. In the TEM image, red box denotes the 

area where EDS signals were collected. In the EDS graph, Mg and U peaks resulted 

from staining method, while the grid is made from Cu.  
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CdS-curli hybrid material resembles to the particles that are produced in first part of 

this chapter in terms of morphology and size. These particles are in the sub-100 nm 

range. We expect peaks regarding to the organic phase (C, N, O) and peak regarding 

the synthesized material (Cd, S).  

3.4.3.1.1. Cadmium hybrid particle fluorescence  

An additional study was performed to show the synthesized materials are functional. 

In the first part, it was reviewed that the particle in question (CdS) can fluoresce if 

particle sizes are in the QD range, which is generally in the range of sub-10 nm. We 

observed that CdS particles emit green fluorescence. An additional experiment was 

designed to show the same phenomenon. A plasmid in our laboratory that 

constitutively expresses mCherry (prod-mCherry) was co-transformed with cadmium 

curli synthesizer plasmid. We expect to see the bacterial cells emit red fluorescence 

and the CdS nanomaterials as green fluorescence. Confocal microscopy was utilized 

to show this phenomenon. Confocal images reveal the micro and nanosized particles. 

Microsized particles could be formed from the agglomerated nanosized particles 

(Figure 3.35).  
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Figure 3.35: Confocal image of bacteria co-transformed with mProD-mCherry and 

cadmium inducible curli synthesizer plasmids. All images were taken on the same 

area. Last figure is the merged figure of the other two. White bars are 20 

micrometers. White arrows show the agglomerated CdS nanomaterials while yellow 

arrows show the nanosized CdS particles.   
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3.4.3.2. Gold inducible functional curli nanofiber synthesizer 

Similar approach was taken in order to constitute gold curli synthesizer. Gold specific 

parts (pGolTS-GolS-pGolB, pZA vector, CsgA-MBP5) were PCR amplified and 

extracted DNA parts were ligated by Gibson assembly (Figure 3.36). Sequence 

verification is shown on Appendix D. 

 

Figure 3.36: Genetic design for gold inducible modified curli nanofiber synthesizers 

for gold nanoparticles. GolS will interact with pGolB in the presence of Au3+ ions in 

order to activate downstream CsgA-MBP5. GolS also autoregulates its expression. 

After transformed bacteria were grown overnight, culture was diluted by 1:10 with 

fresh media. When OD600 reaches 0.8, gold was added in a dose dependent manner. 

After two days of incubation, Congo Red assay was performed. Congo red results 

show that even 1 µM of gold ion is sufficient to express curli, at least 50 µM of curli 

is needed for efficient curli synthesis. However, OD600 values were affected by the 

high concentrations of gold, particularly destructive when 200 µM of gold was added.  
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Figure 3.37: Congo Red assessment of curli induction by gold ions. Eppendorf tubes 

contain centrifuged cells that bind Congo Red dye. Concentrations were from 0.5 µM 

to 200 µM. Lower graph was formed by the absorbance of supernatants of the 

Eppendorf tubes that are normalized to the bacterial growth. Data represent mean ± 

SD (n = 3). 
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In Figure 3.38., SEM figures show that gold nanoparticles are formed around the curli 

fibers. Particle sizes are around 50-150 nm. Particle size distribution analysis was 

performed on the gold sample in a concentration dependent manner (Figure 3.39). 

Gold nanoparticle synthesis can only be observed for high concentration of gold 

particles; the experiment was performed using the concentrations from 20 µM to 1 

mM. Particle size control is on the order of magnitude (particle area changes from 

25000 nm2 to 250000 nm2).  



158 
 

 

Figure 3.38: Gold induced curli fiber-based (CsgA-MBP5) nanomaterial synthesis 

(Au). White bars are 0.5 micron. In the TEM image, red box denotes the area where 

EDS signals were collected. In the EDS graph, U peak is resulted from staining 

method, while the grid is made from Cu.  
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Figure 3.39: Curli-templated gold particle size depends on the gold added. SEM 

images were processed using the ImageJ tool and the particle areas were calculated. 

Data represent mean ± SD (n = 20). 

3.4.3.3. Iron inducible functional curli nanofiber synthesizer 

Last curli construct of this part includes the iron oxide nanoparticle synthesizing 

modified curli nanofibers that are iron inducible. The same genetic parts were utilized 

that were used in iron oxide sensor, except for the YFP coding sequence. YFP was 

replaced with CsgA-MBP6 to make the construct an autonomous synthesizer (Figure 
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3.40.). Gibson assembly was used to ligate PCR amplified parts. Sanger sequencing 

verified the construct (Appendix D).  

 

Figure 3.40: Genetic design for iron inducible modified curli nanofiber synthesizer. 

DtxR protein binds to the pToxA promoter only in the presence of Fe ions and 

suppresses its transcription (LacI gene). When LacI gene is suppressed, it cannot in 

turn suppress pLacO1 promoter. Unsuppressed synthetic pLacO1 promoter can 

activate transcription of its downstream gene, in this case it is CsgA-MBP6. 
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Figure 3.41: Congo Red assessment of curli induction by iron ions. Eppendorf tubes 

contain centrifuged cells that bind congo red dye. Concentrations were from 0.5 µM 

to 200 µM. Lower graph was formed by the absorbance of supernatants of the 

Eppendorf tubes that are normalized to the bacterial growth. Data represent mean ± 

SD (n = 3). 

Congo red assay reveals that 50 µM iron addition gives the best result for curli 

induction. Higher concentrations reduce curli production by half.  
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Figure 3.42: Iron induced curli fiber-based (CsgA-MBP6) nanomaterial synthesis 

(FexOy). White bars are 1 micron. In the TEM image, red box denotes the area where 

EDS signals were collected. In the EDS graph, U and Mg peaks are resulted from 

staining method, while the grid is made from Cu.  
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3.4.3.4. Cross-reactivity experiments 

Cross-reactivity experiment was designed to determine the material specificity 

response. Material responsive proteins (GolS, CadR and DtxR) were evolved to bind 

those toxic or functional materials and microorganisms gain a resistance against those 

precursor ions. In this experiment, each ion was added on each three constructs. Then 

these constructs were incubated for 5h and fluorescence signal was measured (Figure 

3.43). Control group includes ΔcsgA strain and no ion is added to those experimental 

control groups. Both cadmium and gold constructs respond poorly to the foreign ions 

in comparison to their original precursors, However, we can still observe significant 

changes in fluorescence in time. The effect of addition of precursor ions to the LB 

medium is not very well known, therefore this parameter can contribute to the 

fluorescence values. Fluorescence of control group was expected to be the least, 

while LB medium can contain other ions that can induce our constructs significantly. 

The response of DtxR to the iron stays moderate however still statistically significant 

differences were observed in induced samples. 
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Figure 3.43: Cross-reactivity experiments to determine material specificity. 

Fluorescence intensities were measured 5h after the ions are added. 
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3.5. DISCUSSION & CONCLUSION 

In this chapter of the thesis, the construction of functional curli fibers, whole cell 

biosensors that are sensitive to precursor materials and the autonomous curli 

nanofiber based material synthesizers were shown. Synthetic biology approach and 

principles were utilized to realize these genetic biosystems. The complexity of 

biosystems depends on the number of biodevices in a biosystem and their degree of 

relationships [204]. Once a biosystem is completed and characterized, it can be 

utilized as an engineering start point for development of more complex one.  

In the functional curli fiber by aTc inducer part, we can see that the staining is much 

more intense in the induced samples (Figures 3.9 and 10). ΔcsgA is a negative control 

that should not produce any major curli subunit. The reason of relatively high Congo 

Red staining in uninduced samples would be the increased incubation times. 

Therefore, showing curli fiber formation by other means is necessary, so another 

method was employed to show curli fiber formation in induced samples. Curli fiber 

production makes cells to persist on surfaces [205]. Crystal violet is a dye that can 

bind to these persisting structures and is used as a dye for quantitating biofilm 

formation [206]. It can bind both ECM and the bacteria itself. Biofilm containing 

cells keep more dye than biofilm deficient cells. Since curli is the major 

proteinaceous component of biofilms, it can also quantify curli fiber concentrations. 

The protocols for material syntheses were determined via literature search [207-211]. 

There is a concentration window for each material precursor added to the media. The 
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selected material concentrations were equal to or less than 1 mM for all the materials. 

Higher concentrations may damage the cell itself or form precipitates that will 

dominate the surface of the visualized area. While samples were prepared for SEM 

imaging, bacteria were handled with care, since these fibers may easily breakdown 

into pieces or bacteria may lose their curli fibers under intense shear stress. Imaging 

characteristics may change by changing the parameters of SEM, such as beam power, 

spot sizes or magnification. Care was taken to keep these parameters similar to each 

other as much as possible. Bacterial cell morphology seems to be affected from the 

SEM sample preparation procedure especially during fixation steps. This can be 

partly avoided by CPD (critical point dryer) method which is not preferred in this 

chapter [212]. Modified curli fibers are templates that dictate nanomaterial growth 

regions. As shown in figure 3.7, materials are expected to grow on curli nanofibers as 

beads-on-a-string. This is achieved for all the CsgA-MBP samples, while clearest 

hybrid nanostructures are formed for MBP3 (silver). It is important to note that all the 

surface of the silica wafer is clear of any particles or impurities, meaning that self-

precipitate of precursor ions landing on curli fibers are not a contamination factor for 

our experiments. Particle sizes are in the order of nanometer, possibly sub-100 nm for 

all cases. All the constructs in the material synthesis part were shown to express curli 

fibers, the fibers that extend outwards from the cells and form intense bundles. A 

single bacterial cell is able to produce many curli fibers, while some of the cells in 

those samples were not expressing curli fibers, or curli fibers were detached from the 

bacterial surfaces. SEM imaging was unable to resolve closely positioned fibers as 

individual fibers, but TEM resolution and STEM HAADF mode helped in detecting 
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individual fibers. For almost all of the samples, precursor ion addition resulted in 

disrupted curli nanofibers. The exception to this behavior is MBP3 (silver). CsgA-

MBP3 also seems to be the construct that has the highest density of curli fiber 

expressed (Figure 3.12., left panel). Most of the materials that are used in this study 

have toxic characteristics even at low concentrations [213]. Some of these peptides 

sequester toxic chemicals (CdS, Au, Ag), probably limiting their toxic properties on 

the cells.  

Functional assays for these constructs were tried for all seven of the constructs. Silver 

and gold are known to have plasmonic activity and iron oxide nanoparticles should 

respond to the magnetic fields [214, 215]. However, the concentration and purity of 

the products were low, this is due to the presence of bacteria in each synthesis 

conditions as a contaminant and bacteria is able to produce functional curli fibers 

only when curli fibers are expressed. These factors limit the final product 

concentration and not enough to generate plausible signal for analysis. In order to 

overcome this problem, after modified curli nanofiber synthesis, curli fibers can be 

detached form the cells and material precursors are added afterwards. In figure 3.20, 

CdS green fluorescence was detected for high Cd2+ addition, meaning that the 

particles are comparably small in size. Also when we compare the brightfield image 

with fluorescence image, almost all visible particles emit green fluorescence 

however, blue or red fluorescence were not observed for the same region (data not 

shown). So, QD particle size distribution seems narrower, while additional 

experiments are required to prove it. However, particles form on the curli fibers and 
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bacterial cells, which makes particle size distribution analysis (such as DLS, dynamic 

light scattering) on these samples impossible. If we analyze the particle sizes obtained 

in SEM, sub 20 nm particles seem to dominate the curli fibers. This is consistent with 

the characteristic sizes of QDs which are less than 10 nm [216]. Particle sizes also 

look smaller for the ZnS particles, since green and blue fluorescent light emissions 

were observed (Figure 3.21). SEM results for ZnS support this conclusion. 

Whole cell sensors of material precursors were developed as a prerequisite for the 

autonomous material synthesizers. Successful construction and activation of whole 

cell sensors in E. coli were shown via fluorescence based method such as 

fluorescence microscopy or spectroscopy. Fluorescence microscopy results show that 

when one of the inducers are absent from the medium, we do not observe any YFP 

fluorescence. YFP fluorescence becomes more pronounced as the concentration of 

ions increased. The sensor quality can be comparable to the chemical methods in the 

literature [203]. There is a jump in YFP signal between 0.5 µM and 2.5 µM. Same 

phenomenon can be observed in fluorescence spectroscopy. Cadmium sensor 

linearity was squeezed between 0.5 µM to 2.5 µM. The concentrations of Cd between 

the 0.5 M and 2.5 M were used to repeat the experiment to see the induction pattern 

(Figure 3.24., B). Linear correlation between Cd concentration and the YFP signal 

was observed. The concentrations higher than 50 µM were reported to exhibit strong 

toxic effects. We observe the bleaching of YFP signal in very high concentrations, 

probably resulted from direct interference of Cd2+ ions to the YFP structure. The most 

sensitive sensor is gold sensor which also has the highest signal to noise ratio 
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(induced/un-induced). Gold sensor remain linear for most of the gold concentrations 

scanned.  

In the third part of this chapter, magnetic, semiconductor QD and metallic 

nanoparticles were shown to be synthesized via precursors of the same materials. 

These autonomous synthesizers do synthesize curli nanofibers only in the presence of 

precursor materials. As opposed to the autonomous biosystems, constitutive 

biosystems cause a metabolic burden on the bacteria and slows their growth [217]. 

The production of curli nanofibers causes the bacterial cells to change their 

morphology and reduce metabolism. Therefore, autonomous or inducible systems are 

much more suitable for applications.  

Nanofibers have diverse application areas. Use of nanofibers in air filtration, drug 

delivery and tissue engineering scaffold applications was shown before [218-221]. 

Self-assembly and electrospinning are the preferred methods at the present but novel 

approaches are needed to diversify the application areas [222, 223]. The applications 

of functional nanofibers in lithium-ion batteries [222], sensor applications [224], 

protective clothing[225], food processing [226] and water purification[227] are 

explored lately.  

Novel tools in synthetic biology are emerging in a fast pace. Many of the recent 

developments in the field of synthetic biology were reviewed in the introduction part. 

As the tools of synthetic biology increased qualitatively and quantitatively, 

possibilities for novel and noise free designs do increase. Genetic parts 
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characterization, parts modularity and orthogonal parts are important in widening the 

molecular toolkit of synthetic biology. Complexity of synthetic system is a function 

of parts number and orthogonality (minimalized cross-talk between parts and the 

endogenous machinery). Characterization of novel proteins and genes can also 

expand the horizon on the novel synthetic designs.  
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CHAPTER 4 

Conclusion and future perspectives 

In this thesis, the design, synthesis and functionalization of inorganic nanomaterials 

with an approach of synthetic biology was investigated. In the first part, diatomic 

peptide called R5 was used as an affinity and synthesis tag simultaneously. This 

bifunctional tag would speed up the processes of peptide based biosynthesis of silica. 

On the other hand, these fluorescent silica nanoparticles were shown to be non-toxic 

at sub-micromolar concentrations.  

In the second part, development of programmable, modified curli fibers that can 

nucleate nanomaterial precursor is achieved that is functioning at ambient conditions. 

After curli fiber based nanomaterials syntheses were proven, material sensitive 

proteins and promoters were incorporated into the fluorescent gene (YFP, yellow 
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fluorescent protein) to form whole cell biosensors. Sensors were made for three 

classes of nanoparticles, namely semiconductor (CdS), metal (Au) and magnetic 

(FexOy) nanoparticles. Finally, constructs were made that associates modified curli 

fiber derived particle formation to the sensed materials in the environment.  

Novel tools in synthetic biology are emerging in a fast pace. Many of the recent 

developments in the field of synthetic biology were reviewed in the introduction part. 

As the tools of synthetic biology increased qualitatively and quantitatively, 

possibilities for novel and noise free designs do increase. Genetic parts 

characterization, parts modularity and orthogonal parts are important in widening the 

molecular toolkit of synthetic biology. Complexity of synthetic system is a function 

of parts number and orthogonality (minimalized cross-talk between parts and the 

endogenous machinery). As complexity of the genetic system increases, 

simplifications on the total system become an issue. Even the synthetic designs may 

need simplifications or incorporation of novel synthetic parts that will compensate the 

function of many parts. A prime example of this is the refactoring of the repressilator, 

generally considered as one of the first synthetic circuit [228]. Long term 

performance of this circuit was improved considerably by removing some of the 

features of the original repressilator [229]. These efforts can be classified as genetic 

circuit engineering. Characterization of novel proteins and genes can also expand the 

horizon on the novel synthetic designs.  
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Table A.1: DNA sequences used in this study.  

Nucleotide Names Nucleotide Sequences 

Riboregulator 

(pLtetO1 (trun.)-

taR12-rrnB T1,2-

pLtetO1-crR12-

turn-RBS) 

tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcacaGTCGACac

ccaaatccaggaggtgattggtagtggtggttaatgaaaattaacttactactaccatatatcTCT

AGAtgcctggcggcagtagcgcggtggtcccacctgaccccatgccgaactcagaagtgaaa

cgccgtagcgccgatggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaa

ataaaacgaaaggctcagtcgaaagactgggccttCTCGAGtccctatcagtgatagagatt

gacatccctatcagtgatagagatactgagcacatcagcaggacgcactgaccGAATTctac

cattcacctcttggaTTTGGGTattaaagaggagaaa 

pLTetO-1 

truncated 

tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcaca 

taR12 acccaaatccaggaggtgattggtagtggtggttaatgaaaattaacttactactaccatatatc 

rrnB T1-2 tgcctggcggcagtagcgcggtggtcccacctgaccccatgccgaactcagaagtgaaacgcc

gtagcgccgatggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataa

aacgaaaggctcagtcgaaagactgggcctt 

pLTetO-1 tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcacatcagcaggacg

cactgacc 

crR12 ctaccattcacctcttgga 

Turn loop tttgggt 

RBS (ribosome 

binding site) 

attaaagaggagaaa 

GSlinker (3x) ggtggcggtggcagtggcggcggcggtagcggcgggggaggatct 

R5 peptide agcagcaaaaaaagcggcagctatagcggcagcaaaggcagcaaacgccgcattctg 

rrnB-T1 terminator caaataaaacgaaaggctcagtcgaaagactgggcctttcgttttatctgttgtttgtcggtgaacgc

tctcctgagtaggacaaat 

Cat promoter tgatcggcacgtaagaggttccaactttcaccataatgaaataagatcactaccgggcgtattttttg

agttatcgagattttcaggagctaaggaagctaaa 

ChlR 

(chloramphenicol 

resistance gene) 

ATGgagaaaaaaatcactggatataccaccgttgatatatcccaatggcatcgtaaagaacatttt

gaggcatttcagtcagttgctcaatgtacctataaccagaccgttcagctggatattacggccttttta

aagaccgtaaagaaaaataagcacaagttttatccggcctttattcacattcttgcccgcctgatgaa

tgctcatccggaattccgtatggcaatgaaagacggtgagctggtgatatgggatagtgttcaccct

tgttacaccgttttccatgagcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttc
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cggcagtttctacacatatattcgcaagatgtggcgtgttacggtgaaaacctggcctatttccctaa

agggtttattgagaatatgtttttcgtctcagccaatccctgggtgagtttcaccagttttgatttaaacg

tggccaatatggacaacttcttcgcccccgttttcaccatgggcaaatattatacgcaaggcgacaa

ggtgctgatgccgctggcgattcaggttcatcatgccgtctgtgatggcttccatgtcggcagaatg

cttaatgaattacaacagtactgcgatgagtggcagggcggggcgTAA 

Lambda T0 

terminator 

gactcctgttgatagatccagtaatgacctcagaactccatctggatttgttcagaacgctcggttgc

cgccgggcgttttttattggtgagaat 

p15 origin of 

replication 

tttccataggctccgcccccctgacaagcatcacgaaatctgacgctcaaatcagtggtggcgaaa

cccgacaggactataaagataccaggcgtttccccctggcggctccctcgtgcgctctcctgttcct

gcctttcggtttaccggtgtcattccgctgttatggccgcgtttgtctcattccacgcctgacactcagt

tccgggtaggcagttcgctccaagctggactgtatgcacgaaccccccgttcagtccgaccgctg

cgccttatccggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcag

cagccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaa

ggacaagttttggtgactgcgctcctccaagccagttacctcggttcaaagagttggtagctcagag

aaccttcgaaaaaccgccctgcaaggcggttttttcgttttcagagcaagagattacgcgcagacc

aaaacgatctcaa 

Venus YFP-

GSlinker (3x)-R5 

ATGagcaaaggtgaagaactgttcaccggcgttgtgccaattctggttgagctggatggtgacg

tgaatggccacaaattttccgtgtctggtgaaggcgagggtgatgctacttatggcaaactgactct

gaaactgatctgtaccaccggcaaactgcctgttccgtggccaactctggtcactactctgggttac

ggcctgatgtgttttgcgcgttacccggatcacatgaaacagcatgacttcttcaaatctgccatgcc

ggaaggctatgtccaagaacgtacgatctttttcaaggacgacggcaactataaaacccgtgccg

aagttaaattcgagggtgacaccctggttaaccgcatcgaactgaaaggcattgacttcaaagagg

acggcaacattctgggtcacaagctggaatacaactacaactcccacaacgtttacattactgctga

caagcagaaaaacggcatcaaagcaaacttcaagatccgtcacaacattgaagatggtggcgtac

agctggcagatcactaccagcagaacactccaatcggtgatggcccagtactgctgccagataac

cattacctgtcctaccagagcaaactgtctaaagacccgaacgaaaaacgtgaccacatggtactg

ctggaatttgttaccgcggcaggcattacccacggtatggacgaactgtataaaGGTGGCG

GTGGCAGTGGCGGCGGCGGTAGCGGCGGGGGAGGATCTagc

agcaaaaaaagcggcagctatagcggcagcaaaggcagcaaacgccgcattctgTAA 

mCherry-GSlinker 

(3x)-R5 

ATGgtttccaagggcgaggaggataacatggctatcattaaagagttcatgcgcttcaaagttca

catggagggttctgttaacggtcacgagttcgagatcgaaggcgaaggcgagggccgtccgtat

gaaggcacccagaccgccaaactgaaagtgactaaaggcggcccgctgccttttgcgtgggaca

tcctgagcccgcaatttatgtacggttctaaagcgtatgttaaacacccagcggatatcccggactat

ctgaagctgtcttttccggaaggtttcaagtgggaacgcgtaatgaattttgaagatggtggtgtcgt

gaccgtcactcaggactcctccctgcaggatggcgagttcatctataaagttaaactgcgtggtact

aattttccatctgatggcccggtgatgcagaaaaagacgatgggttgggaggcgtctagcgaacg

catgtatccggaagatggtgcgctgaaaggcgaaattaaacagcgcctgaaactgaaagatggc

ggccattatgacgctgaagtgaaaaccacgtacaaagccaagaaacctgtgcagctgcctggcg

cgtacaatgtgaatattaaactggacatcacctctcataatgaagattatacgatcgtagagcaatat
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gagcgcgcggagggtcgtcattctaccggtggcatggatgagctgtacaaaGGTGGCGG

TGGCAGTGGCGGCGGCGGTAGCGGTGGGGGAGGATCTagca

gcaaaaaaagcggcagctatagcggcagcaaaggcagcaaacgccgcattctgTAA 

GFPmut3-

GSlinker-R5 

ATGcgtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgtta

atgggcacaaattttctgtcagtggagagggtgaaggtgatgcaacatacggaaaacttaccctta

aatttatttgcactactggaaaactacctgttccatggccaacacttgtcactactttcggttatggtgtt

caatgctttgcgagatacccagatcatatgaaacagcatgactttttcaagagtgccatgcccgaag

gttatgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaa

gtttgaaggtgatacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatggaaacat

tcttggacacaaattggaatacaactataactcacacaatgtatacatcatggcagacaaacaaaag

aatggaatcaaagttaacttcaaaattagacacaacattgaagatggaagcgttcaactagcagac

cattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacctgtccac

acaatctgccctttcgaaagatcccaacgaaaagagagaccacatggtccttcttgagtttgtaaca

gctgctgggattacacatggcatggatgaactatacaaaGGTGGCGGTGGCAGCag

cagcaaaaaaagcggcagctatagcggcagcaaaggcagcaaacgccgcattctgTAA 

Venus YFP-6xHis ATGagcaaaggtgaagaactgttcaccggcgttgtgccaattctggttgagctggatggtgacg

tgaatggccacaaattttccgtgtctggtgaaggcgagggtgatgctacttatggcaaactgactct

gaaactgatctgtaccaccggcaaactgcctgttccgtggccaactctggtcactactctgggttac

ggcctgatgtgttttgcgcgttacccggatcacatgaaacagcatgacttcttcaaatctgccatgcc

ggaaggctatgtccaagaacgtacgatctttttcaaggacgacggcaactataaaacccgtgccg

aagttaaattcgagggtgacaccctggttaaccgcatcgaactgaaaggcattgacttcaaagagg

acggcaacattctgggtcacaagctggaatacaactacaactcccacaacgtttacattactgctga

caagcagaaaaacggcatcaaagcaaacttcaagatccgtcacaacattgaagatggtggcgtac

agctggcagatcactaccagcagaacactccaatcggtgatggcccagtactgctgccagataac

cattacctgtcctaccagagcaaactgtctaaagacccgaacgaaaaacgtgaccacatggtactg

ctggaatttgttaccgcggcaggcattacccacggtatggacgaactgtataaaCACCATC

ACCACCATCACtaa 

mCherry-6xHis ATGgtttccaagggcgaggaggataacatggctatcattaaagagttcatgcgcttcaaagttca

catggagggttctgttaacggtcacgagttcgagatcgaaggcgaaggcgagggccgtccgtat

gaaggcacccagaccgccaaactgaaagtgactaaaggcggcccgctgccttttgcgtgggaca

tcctgagcccgcaatttatgtacggttctaaagcgtatgttaaacacccagcggatatcccggactat

ctgaagctgtcttttccggaaggtttcaagtgggaacgcgtaatgaattttgaagatggtggtgtcgt

gaccgtcactcaggactcctccctgcaggatggcgagttcatctataaagttaaactgcgtggtact

aattttccatctgatggcccggtgatgcagaaaaagacgatgggttgggaggcgtctagcgaacg

catgtatccggaagatggtgcgctgaaaggcgaaattaaacagcgcctgaaactgaaagatggc

ggccattatgacgctgaagtgaaaaccacgtacaaagccaagaaacctgtgcagctgcctggcg

cgtacaatgtgaatattaaactggacatcacctctcataatgaagattatacgatcgtagagcaatat

gagcgcgcggagggtcgtcattctaccggtggcatggatgagctgtacaaaCACCATCA

CCACCATCACtaa 
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GFPmut3-6xHis ATGcgtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgtta

atgggcacaaattttctgtcagtggagagggtgaaggtgatgcaacatacggaaaacttaccctta

aatttatttgcactactggaaaactacctgttccatggccaacacttgtcactactttcggttatggtgtt

caatgctttgcgagatacccagatcatatgaaacagcatgactttttcaagagtgccatgcccgaag

gttatgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaa

gtttgaaggtgatacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatggaaacat

tcttggacacaaattggaatacaactataactcacacaatgtatacatcatggcagacaaacaaaag

aatggaatcaaagttaacttcaaaattagacacaacattgaagatggaagcgttcaactagcagac

cattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacctgtccac

acaatctgccctttcgaaagatcccaacgaaaagagagaccacatggtccttcttgagtttgtaaca

gctgctgggattacacatggcatggatgaactatacaaaCACCATCACCACCATCA

Ctaa 

CsgA-GS linker-

MBP1 

ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacGGCGGC

AGCGGCAGCctgaccccgctgaccaccagccatctgcgcagcTAA 

CsgA-GS linker-

MBP2 

ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgcagcagttgaccagactgcatctaa

ctcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacGGCGG

CAGCGGCtgcggcccggcgggcgatagcagcggcgtggatagccgcagcgtgggcTA

A 

CsgA-GS linker-

MBP3 

ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacGGCGGC

AGCGGCaacccgagcagcctgtttcgctatctgccgagcgatTAA 

CsgA-GS linker-

MBP4 

ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga
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gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacGGTGGT

TCGGGTtgctgttaccgtggtcgcaagaagcgtcgtcagcgccgtcgtTAA 

CsgA-GS linker-

MBP5 

ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacGGCGGC

AGCGGCagcgaaaaactgtggtggggcgcgagcctgTAA 

CsgA-MBP6 ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacCTGAGC

ACCGTGCAGACCATTAGCCCGAGCAACCATtaa 

CsgA-MBP7 ATGaaacttttaaaagtagcagcaattgcagcaatcgtattctccggtagcgctctggcaggtgtt

gttcctcagtacggcggcggcggtaaccacggtggtggcggtaataatagcggcccaaattctga

gctgaacatttaccagtacggtggcggtaactctgcacttgctctgcaaactgatgcccgtaactct

gacttgactattacccagcatggcggcggtaatggtgcagatgttggtcagggctcagatgacag

ctcaatcgatctgacccaacgtggcttcggtaacagcgctactcttgatcagtggaacggcaaaaa

ttctgaaatgacggttaaacagttcggtggtggcaacggtgctgcagttgaccagactgcatctaac

tcctccgtcaacgtgactcaggttggctttggtaacaacgcgaccgctcatcagtacCGCACC

GTGAAACATCATGTGAACCTGtaa 

CadR ATGaagatcggagaactggccaaagccaccgactgcgccgtggaaaccatccgctactacga

gcgtgaacagctgctgccggagccggcacgcagcgacggcaactaccggctgtacacccagg

cccacgtcgagcggcttaccttcatccgcaactgccgcaccctggacatgaccctggatgaaatc

cgcagcctgctacgcctgcgcgacagccccgatgattcgtgcggcagcgtcaatgcgctgatcg

acgagcatatcgagcatgtgcaggcacggatcgatggtctggtggcgttgcaggaacagctggt

ggagctgcggcggcgctgcaatgcacaaggggcggagtgtgcgatcttgcagcaactggagac

gaacggggcggtatcggtgccggaaaccgagcattcgcatgtagggcgaagccacgggcatT

AA 
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pCadA ggcttgaccctatagtggctacagggtgttcacttggcaacaggc 

pGolTS cttgaccttcccacaatggcaagctttaggctttctgat 

GolS ATGaacatcggtaaagcagctaaagcatcgaaagtctcggccaaaatgattcgctactatgaac

agattggtctgattcccgcggcaagtcggacggattccggctatcgggcctatacccaggctgatg

ttaatcaattgcattttatacgccgcgcgcgcgacctcggtttttcagttgctgaaatcagcgacttac

tgaatctttggaataaccagtcgcggcaaagcgctgacgtcaaacgcctggcgcagacgcacatt

gatgaactggacagacgtatccagaacatgcagcacatggcgcaaaccctcaaagcgctgattc

actgctgcgccggcgacgcgctgccagattgccccattctgcatacgcttggacaacctgacgat

agcgagccggaggcgcgtaccggagcggtattgcgacgtcctcgtcgccacggactggcaaag

cgtctgTAA 

pGolB cttgaccttccaacactggcaaggtccagactggcaaca 

RBS (weak) tcacacaggaaacc 

DtxR ATGaaggacttagtcgataccacagagatgtacttgcgtactatctatgagctggaagaagagg

gtgtcacccctcttcgcgctaggatcgctgagcgtctggaacaatctggacctacagttagccaaa

ccgttgcccgtatggagcgcgatggacttgtcgttgtcgcctcagaccgcagtctacaaatgacac

cgacaggccgcactttagcgactgcagttatgcgtaaacatcgcttagctgagcgccttcttaccga

tatcattggcctagatatcaataaagttcacgatgaagcctgccgctgggaacacgttatgagtgac

gaagttgaacgcaggctcgtgaaagtattgaaagatgtcagtcggtcccccttcggaaacccaatt

ccaggtctcgacgaactcggcgtaggcaattctgacgcggcagtccccggaactcgcgttattga

cgctgccaccagtatgccccgcaaagtacgcattgttcagataaatgaaatcttccaagttgaaacg

gatcagtttacacagctcctcgatgctgatatccgagttggatcagaagttgaaattgtagatagaga

cggccacatcacgttgagccacaatggaaaagatgtcgaacttatcgatgatctggcccacactat

tcgtatcgaagaactcTAA 

pToxA ttgatttcagagcacccttataattaggatagctttacctaattat 

LacI atggtgaatgtgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagaccg

tttcccgcgtggtgaaccaggccagccacgtttctgcgaaaacgcgggaaaaagtggaagcggc

gatggcggagctgaattacattcccaaccgcgtggcacaacaactggcgggcaaacagtcgttg

ctgattggcgttgccacctccagtctggccctgcacgcgccgtcgcaaattgtcgcggcgattaaa

tctcgcgccgatcaactgggtgccagcgtggtggtgtcgatggtagaacgaagcggcgtcgaag

cctgtaaagcggcggtgcacaatcttctcgcgcaacgcgtcagtgggctgatcattaactatccgc

tggatgaccaggatgccattgctgtggaagctgcctgcactaatgttccggcgttatttcttgatgtct

ctgaccagacacccatcaacagtattattttctcccatgaagacggtacgcgactgggcgtggagc

atctggtcgcattgggtcaccagcaaatcgcgctgttagcgggcccattaagttctgtctcggcgc

gtctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatagcggaacggg

aaggcgactggagtgccatgtccggttttcaacaaaccatgcaaatgctgaatgagggcatcgttc

ccactgcgatgctggttgccaacgatcagatggcgctgggcgcaatgcgcgccattaccgagtcc

gggctgcgcgttggtgcggatatctcggtagtgggatacgacgataccgaagacagctcatgttat
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atcccgccgttaaccaccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgctt

gctgcaactctctcagggccaggcggtgaagggcaatcagctgttgcccgtctcactggtgaaaa

gaaaaaccaccctggcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatg

cagctggcacgacaggtttcccgactggaaagcgggcaggctgcaaacgacgaaaactacgctt

tagtagcttaa 

T7 term. tcacactggctcaccttcgggtgggcctttctgcgtttata 

LacO aattgtgagcggataacaattgacattgtgagcggataacaagatactgagcaca 

 

Table A.2: Amino acid sequences used in this study.  

Polypeptide 

Names 

Amino acid sequences 

GSlinker (3x) ggggsggggsggggs 

R5 peptide sskksgsysgskgskrril 

GFPmut3-

GSlinker-R5 

mskgeelftgvvpilveldgdvnghkfsvsgegegdatygkltlklicttgklpvpwptlvttlg

yglmcfarypdhmkqhdffksampegyvqertiffkddgnyktraevkfegdtlvnrielkg

idfkedgnilghkleynynshnvyitadkqkngikanfkirhniedggvqladhyqqntpigd

gpvllpdnhylsyqsklskdpnekrdhmvllefvtaagithgmdelykGGGGSGGGG

SGGGGSsskksgsysgskgskrril* 

mCherry-GSlinker-

R5 

mvskgeednmaiikefmrfkvhmegsvnghefeiegegegrpyegtqtaklkvtkggplpf

awdilspqfmygskayvkhpadipdylklsfpegfkwervmnfedggvvtvtqdsslqdge

fiykvklrgtnfpsdgpvmqkktmgweassermypedgalkgeikqrlklkdgghydaev

kttykakkpvqlpgaynvniklditshnedytiveqyeraegrhstggmdelykGGGGSG

GGGSGGGGSsskksgsysgskgskrril* 

GFPmut3-

GSlinker-R5 

mrkgeelftgvvpilveldgdvnghkfsvsgegegdatygkltlkficttgklpvpwptlvttfg

ygvqcfarypdhmkqhdffksampegyvqertiffkddgnyktraevkfegdtlvnrielkgi

dfkedgnilghkleynynshnvyimadkqkngikvnfkirhniedgsvqladhyqqntpig

dgpvllpdnhylstqsalskdpnekrdhmvllefvtaagithgmdelykGGGGSsskksg

sysgskgskrril* 

Venus YFP-6xHis mskgeelftgvvpilveldgdvnghkfsvsgegegdatygkltlklicttgklpvpwptlvttlg

yglmcfarypdhmkqhdffksampegyvqertiffkddgnyktraevkfegdtlvnrielkg

idfkedgnilghkleynynshnvyitadkqkngikanfkirhniedggvqladhyqqntpigd

gpvllpdnhylsyqsklskdpnekrdhmvllefvtaagithgmdelykhHHHHH* 

mCherry-6xHis mvskgeednmaiikefmrfkvhmegsvnghefeiegegegrpyegtqtaklkvtkggplpf

awdilspqfmygskayvkhpadipdylklsfpegfkwervmnfedggvvtvtqdsslqdge



200 
 

fiykvklrgtnfpsdgpvmqkktmgweassermypedgalkgeikqrlklkdgghydaev

kttykakkpvqlpgaynvniklditshnedytiveqyeraegrhstggmdelykHHHHH

H* 

GFPmut3-6xHis mrkgeelftgvvpilveldgdvnghkfsvsgegegdatygkltlkficttgklpvpwptlvttfg

ygvqcfarypdhmkqhdffksampegyvqertiffkddgnyktraevkfegdtlvnrielkgi

dfkedgnilghkleynynshnvyimadkqkngikvnfkirhniedgsvqladhyqqntpig

dgpvllpdnhylstqsalskdpnekrdhmvllefvtaagithgmdelykHHHHHH* 

CsgA-GS linker-

MBP1 

MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYggsgSLTPLTTSHLR

S* 

CsgA-GS linker-

MBP2 

MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYggsgCGPAGDSSGV

DSRSVG* 

CsgA-GS linker-

MBP3 

MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYggsgNPSSLFRYLPS

D* 

CsgA-GS linker-

MBP4 

MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYggsgCCYRGRKKRR

QRRR* 

CsgA-GS linker-

MBP5 

MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYggsgSEKLWWGAS

L* 

CsgA-MBP6 MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYlstvqtispsnh* 
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CsgA-MBP7 MKLLKVAAIAAIVFSGSALAGVVPQYGGGGNHGGGGNNSGP

NSELNIYQYGGGNSALALQTDARNSDLTITQHGGGNGADVG

QGSDDSSIDLTQRGFGNSATLDQWNGKNSEMTVKQFGGGNG

AAVDQTASNSSVNVTQVGFGNNATAHQYrtvkhhvnl* 

CadR MKIGELAKATDCAVETIRYYEREQLLPEPARSDGNYRLYTQA

HVERLTFIRNCRTLDMTLDEIRSLLRLRDSPDDSCGSVNALIDE

HIEHVQARIDGLVALQEQLVELRRRCNAQGAECAILQQLETN

GAVSVPETEHSHVGRSHGH* 

GolS MNIGKAAKASKVSAKMIRYYEQIGLIPAASRTDSGYRAYTQA

DVNQLHFIRRARDLGFSVAEISDLLNLWNNQSRQSADVKRLA

QTHIDELDRRIQNMQHMAQTLKALIHCCAGDALPDCPILHTL

GQPDDSEPEARTGAVLRRPRRHGLAKRL* 

DtxR MKDLVDTTEMYLRTIYELEEEGVTPLRARIAERLEQSGPTVSQ

TVARMERDGLVVVASDRSLQMTPTGRTLATAVMRKHRLAER

LLTDIIGLDINKVHDEACRWEHVMSDEVERRLVKVLKDVSRS

PFGNPIPGLDELGVGNSDAAVPGTRVIDAATSMPRKVRIVQIN

EIFQVETDQFTQLLDADIRVGSEVEIVDRDGHITLSHNGKDVE

LIDDLAHTIRIEEL* 

LacI MVNVKPVTLYDVAEYAGVSYQTVSRVVNQASHVSAKTREK

VEAAMAELNYIPNRVAQQLAGKQSLLIGVATSSLALHAPSQIV

AAIKSRADQLGASVVVSMVERSGVEACKAAVHNLLAQRVSG

LIINYPLDDQDAIAVEAACTNVPALFLDVSDQTPINSIIFSHEDG

TRLGVEHLVALGHQQIALLAGPLSSVSARLRLAGWHKYLTRN

QIQPIAEREGDWSAMSGFQQTMQMLNEGIVPTAMLVANDQM

ALGAMRAITESGLRVGADISVVGYDDTEDSSCYIPPLTTIKQD

FRLLGQTSVDRLLQLSQGQAVKGNQLLPVSLVKRKTTLAPNT

QTASPRALADSLMQLARQVSRLESGQAANDENYALVA* 
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APPENDIX B 

List of primers used in this study.  
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Table B.1: List of primers used in the first chapter. Note that some constructs share 

forward or reverse primers resulting in lesser unique primers per construct.  
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Table B.2: Primers used for CsgA-MBP construct formation.  

 

 

Table B.3: List of primers used to produce material precursor inducible whole cell 

sensors. 
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Table B.4: List of primers used to produce material precursor inducible modified 

curli synthesizers. 
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APPENDIX C 

Plasmid maps used in this study. 
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Figure C.1: Plasmid maps for FP-R5 fusion constructs, GFP, YFP and mCherry 

respectively. 
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Figure C.2: Plasmid maps for FP-6xHis fusion constructs, GFP, YFP and mCherry 

respectively. 
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Figure C.3: Plasmid maps for CsgA-MBP fusion constructs (1-7). Peptides nucleate 

CdS, ZnS, Ag (MBP3), Ag (MBP4), Au, FexOy (MBP6), FexOy (MBP7), respectively. 
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Figure C.4: Plasmid maps for whole cell sensor constructs. Plasmids contain parts 

that can sense Cd2+, Au3+ and Fe2+,3+ ions, respectively. 
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Figure C.5: Plasmid maps for whole cell synthesizer constructs. Plasmids contain 

parts that can sense Cd2+, Au3+ and Fe2+,3+ ions and produce modified curli nanofibers 

that synthesize corresponding functional bionanomaterials. 
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APPENDIX D 

Sanger sequencing results for the plasmids 

used in this thesis.  
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Figure D.1: Sanger DNA sequencing results of GFP-R5. A) Sequence chromatogram 

was compared with the reference designs for each of the genetic construct. Continuity 

of the green bar signifies nucleotide-level match between design and actual sequence. 

B) Close-up view shows the nucleotides and chromatogram in detail.  
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Figure D.2: Sanger DNA sequencing results of YFP-R5. A) Sequence chromatogram 

was compared with the reference designs for each of the genetic construct. Continuity 

of the green bar signifies nucleotide-level match between design and actual sequence. 

B) Close-up view shows the nucleotides and chromatogram in detail. 
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Figure D.3: Sanger DNA sequencing results of mCherry-R5. A) Sequence 

chromatogram was compared with the reference designs for each of the genetic 

construct. Continuity of the green bar signifies nucleotide-level match between design 

and actual sequence. B) Close-up view shows the nucleotides and chromatogram in 

detail. 
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Figure D.4: Sanger DNA sequencing results of csgA-MBP1 (CdS) A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 

 

 

Figure D.5: Sanger DNA sequencing results of csgA-MBP2 (ZnS). A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 
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Figure D.6: Sanger DNA sequencing results of csgA-MBP3 (Ag) A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 

 

Figure D.7: Sanger DNA sequencing results of csgA-MBP4 (Ag) A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 
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Figure D.8: Sanger DNA sequencing results of csgA-MBP5 (Au) A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 

 

Figure D.9: Sanger DNA sequencing results of csgA-MBP6 (FexOy) A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 
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Figure D.10: Sanger DNA sequencing results of csgA-MBP7 (FexOy). A) General map 

shows the location of sequence read. B) Detailed zoom-in chromatogram is showing 

base to base match between sequencing results and the reference sequence. 
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Figure D.11: Sanger sequencing of cadmium sensor. A) General map shows the 

location of sequence read. B) Detailed chromatogram showing base to base match for 

cadR (B) and yfp (C). 
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Figure D.12: Sanger sequencing of gold sensor. A) General map shows the location 

of sequence read. B) Detailed chromatogram showing base to base match for golS (B) 

and yfp (C). 
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Figure D.13: Sanger sequencing of iron oxide sensor. A) General map shows the 

location of sequence read. Detailed chromatogram showing base to base match for 

dtxR (B), lacI (C) and yfp (D). 
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Figure D.14: Sanger sequencing of cadmium inducible curli-based material 

synthesizer. A) General map shows the location of sequence read. B) Detailed 

chromatogram showing base to base match for cadR (B) and csgA-mbp1 (C). 
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Figure D.15: Sanger sequencing of gold inducible curli-based material synthesizer. 

A) General map shows the location of sequence read. B) Detailed chromatogram 

showing base to base match for golS (B) and csgA-mbp5 (C). 
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Figure D.16:  Sanger sequencing of iron oxide inducible curli material synthesizer. 

A) General map shows the location of sequence read. B) Detailed chromatogram 

showing base to base match for dtxR (B), lacI (C) and csgA-mbp6 (D). 


