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Nature has endowed us with eloquently designed biosystems which can be applied to 

a number of analytical applications. Advances in biotechnology have allowed for bacteria 

and the proteins found therein to be exploited throughout the years for the development 

of designer analytical systems. Herein, we have exploited genetically designed bacterial 

whole-cell systems and proteins for biomedical and environmental applications. First, we 

have demonstrated the use of a whole-cell sensing system based on the quorum sensing 

regulatory protein LasR as a tool to elucidate interkingdom communication and better 

understand host-microbiome interactions. Specifically, the role of serotonin as a bacterial 

signaling molecule was investigated in vitro by examining virulence phenotypes of the 

opportunistic pathogen P. aeruginosa such as elastase production and biofilm formation. 

Next, we show the applications of genetically encoded biosensors integrated into diverse 

organisms -bacteria and worms- for in situ and remote detection of arsenic. To this end, 

first we demonstrate the utility of the genetically encoded biosensor incorporated in 

bacterial cells for the detection of arsenic in environmental samples and organoarsenicals, 

a class of arsenical compounds used as chemical warfare agents. The preservation and 

transport of the sensor was enhanced by forming bacterial spores, which were deposited 

on paper strips and used as inexpensive, transportable, on-site detection. In addition, we 

incorporated the genetically encoded biosensor into a model living organism, 



Caenorhabditis elegans as a model for remote sensing capabilities. From this work, we 

exploit spores as packaging for whole-cell biosensors and incorporate them into wax 

printed paper strips for the development of on-site analytical detection systems. Finally, 

we employ a thermophilic dehalogenase from Sulfolobis tokodaii to demonstrate remote 

activation of enzymatic activity via iron oxide nanoparticles co-encapsulated with the 

enzyme in a hydrogel.
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It’s not that I’m so smart, it’s just that I stay with problems longer. - Albert Einstein 
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CHAPTER 1. INTRODUCTION 

 

Environmental and biomedical research has a need for selective, sensitive tools 

for detection and analysis. In past years, many different technologies have been exploited 

to detect analytes, understand biochemical reactions, and for remediation purposes. One 

example is the emergence of nanotechnology as a powerful tool for detection. For 

example, quantum dots are ideal for the analytical purposes due to their unique properties 

such as a broad absorption, size tunable emission, and high quantum yields. For this 

reason, they have been employed for various applications such as drug discovery, 

imaging, and biosensing (1-4). Exploiting nanomaterials for biotechnology, however, has 

some shortcomings such as the lack of sensitivity and/or specificity for an analyte of 

interest. Nature has endowed us with rationally designed tools to overcome these 

limitations. Specifically, bacteria and proteins isolated from bacteria have been employed 

in numerous aspects of scientific research. For example, researchers have used bacterial 

inclusion bodies as a therapeutic vessel to target pathogens (5). Many proteins which are 

important to human health and development, such as bone morphogenic protein, have 

been expressed and isolated from bacteria (6). Beyond the aforementioned applications of 

bacteria in research, bacteria and their isolated proteins have also been exploited for the 

development of powerful analytical detection systems.  

1.1 Bacterial Protein-Based Sensors 

Advances in biotechnology for identifying and isolating bacterial proteins have 

stimulated their use in analytical applications. Molecular biology has evolved through the 

years to allow for more simplistic methods to manipulate bacteria and bacterial 

components and isolate proteins to make “designer” proteins for a plethora of 
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applications. These advancements have been at the level of novel enzymes for 

polymerase chain reactions to ligation free cloning kits. Further, site-directed 

mutagenesis and random mutagenesis of a particular gene of interest no longer take 

weeks or months but can be completed in days. Another example is the numerous 

purification tags which can be genetically fused to a protein of interest for purification 

such as the His-tag, Glutathione-S-transferase, Maltose Binding Protein, Halo-tag and 

many more. These tags allow for the purification of proteins using affinity 

chromatography which allows for cleaner purifications in less time than previous 

methods. Further, proteins with innate functional abilities such as fluorescence, 

bioluminescence, remediation, analyte binding, etc… are continuously being discovered. 

With each discovery, the toolbox for analytical applications is ever expanding.  

1.1.1 Green Fluorescent Protein 

The advancement of genetic techniques has allowed for proteins to be synthesized 

in vivo, thus making it more feasible to integrate fluorescent detection methods in 

biological systems. Arguably, the most significant fluorescent protein to date has been 

green fluorescent protein. GFP was first discovered by Shimomura in 1962 (7). Later, 

Chalfie et al. were able to clone GFP and Ormӧ et al. crystallized the protein in 1996, 

making it available to researchers for a plethora of biotechnology applications (Figure 

1.1) (8-9). Since its discovery and the availability made possible through molecular 

cloning techniques, GFP has been employed in a variety of applications, from sensing to 

imaging. Rajendran et al. imaged protein-protein interactions in vivo using a lanthanide 

(Tb(III)) as a donor and GFP as a receptor protein (10). The long lifetime of the 
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lanthanide allowed for time-gated spectroscopy and the authors were able to eliminate 

nonspecific background fluorescence. This method has also been employed for caspase-3 

detection (11).   

 

 

 

Figure 1.1. Crystal structure of Green Fluorescent Protein (PDB 1GFL). 

 

 Further, the applications for GFP have expanded due to the manipulations of its 

amino acid sequence to expand the optical properties of GFP (12). This has been 

particularly useful in the application of GFP and its variants for Fӧrster re sonance energy 

transfer (FRET), specifically to understand the interaction of proteins or molecules in 

vivo. Biskup et al. employed the GFP variants YFP and CFP to study the interactions of 

the α and β1 13 subunits of the human cardiac sodium channel ( ). The authors use a mode-

locked laser and confocal microscopy to determine that the subunits were associated with 

the endoplasmic reticulum before reaching the plasma membrane. The benefits of using 
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two mutants of GFP allows for resolvable fluorescence spectra and lifetimes of both the 

donor and acceptor, allowing both to be measured simultaneously. This is advantageous 

because it allows the FRET and emission-quenching processes to be differentiated. The 

FRET pair, CFP and YFP, have also been employed in flow cytometry to allow for cell-

sorting assays (14). 

Beyond FRET-based applications, the modification of GFP to produce proteins 

with various fluorescence characteristics has also been employed for multianalyte 

detection. For example, Lewis et al. employed a red-shifted GFP (rsGFP) and a blue 

fluorescent protein (BFP) which were each conjugated to a different model peptide (15). 

Each GFP derivative fluoresced at a different wavelength, allowing for dual-analyte 

detection in a single well. The peptides were incubated in the same well with antibodies 

specific to each peptide. The authors were able to detect 1 × 10-6 M and 1 × 10-7

Furthermore, a genetic fusion of GFP to proteins of interest has found numerous 

applications in biotechnology. For example, GFP was genetically fused to streptavidin 

and employed for the identification of biotinylated antibodies in living or fixed cells by 

fluorescence microscopy (

 M 

peptides in a mixed solution, demonstrating the feasibility of their system for multi-

analyte detection.  

16). However, although the GFP fusion proved efficient for 

histochemical applications, it did not have as good of a detection limit in the microtiter 

plate format as compared to the luciferase-streptavidin fusion. GFP has also been fused to 

single-chain antibody variable fragments. Casey et al. fused a red shifted enhanced GFP 

(eGFP) to the antibody specific for hepatitis B antigen (17). The fusion protein was able 

to retain the specificity of the antibody and the fluorescence properties of eGFP with 
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either N- or C-terminus fusion of the antibody. In addition to genetically fusing GFP to 

whole-proteins of interest, the structure of the GFP molecule makes it a candidate for 

altering its amino acid sequence to genetically engineer a mutant of GFP that has novel 

binding characteristics. Goh et al. engineered eGFP to contain binding sites for the 

bacterial endotoxin lipopolysaccharide (LPS) (18). The mutant was expressed in COS-1 

cells and the fluorescence of the protein was quenched in the presence of LPS binding to 

the eGFP mutant proteins. Not only was the modified eGFP applicable for the detection 

of the bacterial endotoxins, further studies demonstrated that the protein could be 

employed to specifically tag gram-negative bacteria in contaminated water samples (19). 

1.1.2 Bioluminescent Proteins 

Bioluminescence is the production and emission of light from living organisms 

such as fish, insects, bacteria, fungi, etc…(Figure 1.2) Due to their efficient quantum 

yield, the absence of a need for an excitation source, and low background, bioluminescent 

proteins have been exploited in numerous detection and imaging applications (20). These 

attributes have allowed bioluminescent proteins to be successful in applications which 

require high sensitivity and low limits of detection, specifically in physiologically 

relevant matrices. There are two subgroups of bioluminescent proteins: photoproteins and 

luciferases. Photoproteins are able to emit light that is proportional to the concentration of 

protein present. Luciferases rely on an enzymatic reaction in which, in the presence of 

oxygen, the luciferase oxidizes the luciferin forming an electronically excited state and 

the resultant relaxation causes the emission of light. Therefore, the concentration of the 

luciferin is proportional to the amount of light produced.  
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Figure 1.2. Select bioluminescent proteins which have been used as reporters in 
bioassays. A) The photoprotein aequorin (PDB 1EJ3) was first isolated from the jellyfish 
Aequoria victoria. B) The firefly luciferase (PDB 3IEP) and C) Renilla luciferase (PDB 
2PSE). 

 

 Firefly luciferases and its derivatives rely on ATP to catalyze the oxidation 

reaction of the luciferin substrate (Figure 1.3). This characteristic has been exploited for 

the development of highly specific assays for the detection of ATP. One such assay was 

developed by exploiting the ATP dependency of firefly luciferase to screen for the levels 

of ATP produced through contaminating fungi, bacteria, and yeast in food and feeds (21). 

The authors found that the amount of bioluminescence was directly proportional to the 

number of contaminating organisms.  
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Figure 1.3. The mechanism by which the luciferin reacts with ATP to produce an 
oxyluciferin and light. 

 

 Just as firefly luciferases are ATP dependent, another bioluminescent protein, 

aequorin from Aequoria victoria, is Ca2+ dependent which has allowed aequorin to be 

utilized for the determination of Ca2+ ions in vivo. The release of Ca2+ is triggered by the 

activation of G protein receptors and ion channels through the initiation of signal 

transduction mechanisms in the cell. The role of Ca2+

22

 in such cell signaling events makes 

it an important ion to study to help elucidate signaling pathways and develop new drug 

targets ( ). To this end, Menon et al. expressed apoaequorin intercellularly alongside a 

chimeric G protein and a G protein-coupled dopamine receptor (23). The cells were then 

used to screen over 8,000 compounds for potential drugs to target G protein-coupled 
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receptors and ion channels. Further, the method was implemented alongside a 

fluorescence-based system demonstrating that both techniques performed similarly to 

identify positive compounds although the bioluminescence-based system had several 

advantages one of which was reduced number of false positives. 

 Luminescent proteins have also been employed as reporters for DNA 

hybridization assays. One such study employed the photoprotein aequorin for detection of 

the malaria parasite Plasmodium falciparum (24). A biotinylated DNA oligo specific to 

P. falciparum was immobilized via the biotin-streptavidin interaction on a neutravidin 

coated microtiter plate (Figure 1.4). Aequorin was genetically engineered to have only 

one cysteine and was conjugated to streptavidin and subsequently incubated in the 

presence of a biotinylated target DNA which was complementary to the DNA 

immobilized on the plate. The labeled DNA was incubated with varying concentrations 

of unlabeled target. The assay was able to detect 3 pg/µL of P. falciparum DNA in 

human serum, which was within the required concentration range for malaria diagnosis. 

Additionally, unlike other malaria detection methods, there was no need for PCR 

amplification prior to testing.  

Luminescent proteins are ideal for biomedical analysis because of the 

aforementioned relatively low background in biological matrices, which have allowed for 

these proteins to be exploited for immunoassays. In order to employ these luminescent 

proteins in such assays, the protein is modified either chemically or genetically to be 

fused to an antigen or an antibody of interest. One example of chemical conjugation is the 

conjugation of biotin to the Cypridina luciferase (25). The conjugate was incubated with 

streptavidin and then used in a sandwich immunoassay by adding the conjugate to wells 
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of a microtiter plate where the primary antibody, antigen (α-interferon), and biotinylated 

secondary antibody were previously immobilized. Using this method, the authors were 

able to achieve a linear range of detection of 7.8 to 500 pg/mL of α-interferon. A genetic 

modification is typically preferred to ensure reproducible batch-to-batch production of 

the labeled probes. This method also provides a one-to-one conjugation of the reporter 

protein to the recognition moiety. For example, angiotensin II was genetically fused to 

aequorin (26) and the resulting fusion protein was employed in the detection of 

angiotensin II in human serum. The assay yielded a detection limit of 1 pg/mL of 

angiotensin II. 

 

Figure 1.4. Schematic demonstrating the DNA hybridization assay employing aequorin 
as the reporter. Image used with copyright permission from reference (24). 
 

1.1.3 Hinge-Motion Binding Proteins 

As stated previously, nature has designed highly selective tools, such as bacterial 

proteins, which can be exploited for analytical purposes. One such class of proteins is 

hinge-motion binding proteins (HMBP). These proteins typically have two domains 
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which bend around a ‘hinge’ region of the protein upon binding to the ligand, such as 

glucose binding protein (Figure 1.5). This conformational change can be exploited to 

detect analyte binding in several ways.  

 

Figure 1.5. An example of the conformational change of a hinge-motion binding protein. 
The crystal structure of E. coli glucose/galactose binding protein in the absence (PDB 
2FW0) and presence (PDB 2FVY) of glucose. The conformational change upon binding 
of glucose can be exploited for sensing applications. 

 

First, a reporter group, such as an environmentally sensitive fluorescent probe, 

can be chemically conjugated to the protein in a strategic manner such that, upon binding 

and the conformational change, it experiences a change in its microenvironment. Since 

the fluorophore is sensitive to its environment, the intensity of the fluorescence emission 

is affected. This change in the intensity is proportional to the bound/unbound ratio of the 

ligand to the hinge motion binding protein. This method has been applied for the 

detection of various environmental and medically relevant analytes. For example, an 

environmentally relevant analyte, sulfate ion, can be detected by employing sulfate 
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binding protein (SBP), an E. coli periplasmic protein (27). Sulfate is known to influence 

the quality of drinking water. SBP was found to have three amino acids Ser90, Ser171, 

and Val181, which undergo significant changes in their microenvironment upon analyte 

binding. Wild-type SBP lacks cysteine residues that can be used as a convenient 

attachment locations in its structure. Therefore, site-directed mutagenesis was used to 

introduce cysteine residues at each of these sites. Environmentally sensitive fluorophores, 

such as 5-({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-1-sulfonic acid (1,5-

IAEDANS) and 7-Diethylamino-3-((((2-Maleimidyl)ethyl)amino)carbonyl)coumarin 

(MDCC), were conjugated to the cysteine residues and tested for sulfate binding. The 

sensor had a detection limit of 1 ×  10-6

28-31

 M for sulfate ions and a detection can be 

performed within 5 min. Further, selectivity studies were performed with various 

tetrahedral, oxydianions. Of the molecules tested, only selenate was shown to interfere 

with the sensor. The sensor was stable and could be stored at 4 °C for 6 months without 

the loss of sensitivity. Additionally, several other HMBPs have also been conjugated to 

various fluorescent probes and exploited to detect environmental analytes such as nickel 

and phosphate ( ).  

Due to the overwhelming number of diabetic patients worldwide, glucose has 

become an important clinical analyte. Glucose sensors are typically based on glucose 

oxidase; however, previous studies have demonstrated the feasibility of using the E. coli 

periplasmic protein, glucose binding protein (GBP), for the development of protein-based 

sensors (32). As described previously, cysteine residues were incorporated into the GBP 

at rationally selected locations which were around the hinge region of the protein. Then 

these cysteine residues were used to chemically conjugate MDCC to the protein. In the 
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presence of glucose, the fluorescence was altered in a dose-dependent manner. The 

sensor had a dynamic range of 5 × 10-8 to 1 × 10-5

33

 M for glucose. Further, selectivity 

studies were performed and no other sugars interfered with the signal except for 

galactose. Since the dissociation constant for galactose/GBP pair was higher than that of 

glucose/GBP pair, galactose should not interfere when detecting glucose in vivo. Other 

HMBP have been employed for the detection of biomedically relevant analytes, such as 

phenothiazines ( ). 

The second method to use a HMBP as a sensor is to genetically fuse a reporter 

protein to the hinge-motion binding protein. There are two methods to achieve this. In the 

first, a reporter protein can be genetically fused to either the N- or C-terminus of the 

HMBP. When the protein undergoes a conformational change, the environment of the 

reporter is changed, thus altering the fluorescence intensity of the reporter protein. This 

approach was taken when Dikici et al. fused enhanced green fluorescent protein (EGFP) 

to CaM to develop a sensor to detect phenothiazines and calcium (34). CaM is a Ca2+-

binding protein which has four calcium binding sites arranged in two globular domains. 

Upon binding of calcium, it undergoes a significant conformational change and adopts a 

dumbbell shape. The change exposes a hydrophobic region at each end of the protein 

which allows for various phenothiazines to interact with the protein. EGFP was fused to 

the C-terminus of CaM. The pH sensitivity was found to be similar to that of EGFP alone 

and calcium was shown to dose-dependently decrease the fluorescence of the EGFP. 

Further, several phenothiazine derivatives were shown to interact with CaM, which was 

indicated by a further change in fluorescence upon addition of the phenothiazine. 



13 
 

 
 

Proteins can also be genetically fused as chimeras. In this scenario, a reporter 

protein is truncated and one section is fused to the N-terminus of a HMBP and the other 

is fused to the C-terminus of the HMBP. Upon the conformational change of the HMBP, 

the two pieces of the truncated protein either comes into closer proximity to increase 

signal intensity or is forced away from one another, which decreases signal intensity. One 

of the first examples of this was the fusion of GFP to truncated CaM to design a sensor 

for Ca2+ 35 for use in imaging applications ( ). Teasley et al. truncated the bioluminescent 

protein aequorin and fused it to the termini of glucose binding protein (GBP) (36). Upon 

addition of glucose, the GBP undergoes a conformational change which moves the 

truncated pieces in proximity of one another to allow for luminescence. The switch was 

“on” and “off” from a range of 1 × 10-7 M to 1 × 10-2

37-38

 M glucose. The same strategy was 

also applied to develop molecular switches for sulfate and cyclic AMP as well ( ). 

1.1.4 Bacterial-Proteins Encapsulated in Hydrogels 

The applications of bacterial proteins have expanded by the implementation of 

proteins into a polymer network for the construction of stimuli-sensitive hydrogels. A 

hydrogel is a crosslinked polymer chain network which readily absorbs water (39). By 

incorporating proteins into hydrogel networks, materials can be fabricated which respond 

selectively to an analyte of interest and have the sensitivity of the hydrogel to pH, ion 

concentration, temperature, or electric potential, depending on the polymer chosen. 

Miyata et al. employed a modified acrylamide hydrogel into which immunoglobulin G 

(IgG) and a goat anti-rabbit IgG antibody were chemically linked (40). The antigen-

responsiveness of the resultant hydrogel was then quantified. In the absence of antigen, 

the hydrogel maintained a shrunken state due to the interactions of the antibody to IgG, 
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both of which were immobilized in the hydrogel network. Upon addition of free IgG, the 

swelling ratio of increased abruptly. Further, the selectivity of the hydrogel was studied 

by the addition of both rabbit IgG and goat IgG. Only rabbit IgG elicited a swelling 

response in the hydrogel. It was found that the swelling was reversible when the hydrogel 

was placed in a solution that is IgG deficient. The authors also examined the permeability 

of drugs through the hydrogel by using a model protein, namely hemoglobin, and 

examining the permeation profile. The protein was able to permeate the hydrogel network 

following the step-wise addition of free antigen. Importantly, the drug was unable to 

permeate the hydrogel in the absence of antigen.  

 As described earlier, many proteins undergo significant conformational change 

upon a given stimulus. One such protein is CaM, a previously described hinge-motion 

calcium-binding protein. CaM can undergo a further conformational change in the 

presence of certain peptides and the phenothiazine class of drugs. Ehrick et al. genetically 

engineered CaM to contain a unique cysteine at the C-terminus and reacted to an 

allylamine moiety to immobilize CaM within the polymer network (41). A polymerizable 

phenothiazine was prepared to contain the acrylamide moiety and the hydrogel was 

fabricated by free radical polymerization of the allylamine moiety on the CaM, the 

acrylamide on the phenothiazine as well as free acrylamide and N, N, -

methylenebis(acrylamide). It was found that the hydrogel exhibited reversible swelling as 

a function of Ca2+ concentration. Upon Ca2+ binding, the phenothiazine was able to bind 

to the CaM. Addition of EGTA caused the release of the phenothiazine and a 

conformational change of CaM, causing swelling of the hydrogel. The authors also 

fabricated a control hydrogel which did not contain protein to determine if the swelling 
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response was because of the interaction of the ion with the protein or a change in ionic 

strength of the environment. It was found that the hydrogel swelled in the presence of 

Ca2+, which is opposite of the trend seen in the hydrogels which had CaM present, 

indicating that the shrinking and swelling behavior was due to CaM and not the change in 

the microenvironment. Further, another phenothiazine, chloropromazine (CPZ), was 

added to the hydrogel. The immobilized phenothiazine derivative was displaced by CPZ 

and caused the hydrogel to swell. Complete swelling in the presence of CPZ was 

achieved in 3.5 min and 50% of swelling was observed in less than one minute. The 

authors also employed the hydrogel as a gate controlling flow of dextran, a blue dye, in a 

test tube. It was found that the blue dye was unable to penetrate the hydrogel in the 

swollen state and, upon addition of Ca2+

42

, was able to penetrate the hydrogel. This study 

demonstrated the feasibility of employing the hydrogels as microfluidic valves. Further 

studies performed by the same group evaluated the use of these hydrogels as microdomes 

( ). The microdomes were fabricated by a “microspotting” technique and a “UK” 

pattern was projected on the microdome to allow for it to be brought into focus and 

quantify the extent of shrinking and swelling. The lensing behavior could then be 

quantified by using a photomultiplier tube interfaced with a microscope. The authors 

found that the microlenses were able to detect 3 × 10-8

There are a variety of hinge-motion binding proteins which would be ideal for 

incorporation into a bioactive hydrogel network. Glucose/galactose binding protein 

(GBP) is one such protein. Ehrick et al. employed GBP as the hinge-motion binding 

 M concentrations of CPZ. The 

authors suggest that these microlenses could also be used in arrays to screen for 

molecules that can bind to CaM. 
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protein in a hydrogel to quantify glucose in solution and to serve as a method for gated 

control of molecules through the hydrogel network (43). Upon the addition of glucose, 

the protein responded in an according-like conformational change and shrank. The 

response was reversible and the hydrogel was able to revert back to its normal swollen 

state when glucose was removed from the solution. The hydrogels were then tested for 

their ability to allow for diffusion of molecules in the presence and absence of glucose. It 

was found that in the presence of glucose, very little transport of molecules were 

observed; however, when glucose was not present, the molecules were able to pass in a 

size-dependant manner with the smallest having faster diffusion than the largest. 

 Beyond exploiting protein conformational changes due to analyte recognition, 

hydrogels have also been fabricated which contain enzymes and undergo macroscopic 

changes due to enzymatic activity. Upon addition of the appropriate substrate, the 

microenvironment of the hydrogel is altered and this allows for shrinking or swelling of 

the hydrogel in response to the stimulus. For example, Peppas et al. prepared glucose-

sensitive poly(methacrylic acid-g-ethylene glycol) (poly(MAAc-g

44

-EG)) hydrogels in the 

presence of activated glucose oxidase ( ). At a low pH, the carboxy groups of MAAc 

formed a complex with etheric groups of ethylene glycol. At higher pH’s, the carboxyl 

groups were ionized which caused the complex to dissociate. As the glucose oxidase in 

the hydrogels catalyzed glucose oxidation, gluconic acid was released which caused the 

microenvironment pH of the hydrogel to decrease, causing the hydrogel network to 

collapse, thus invoking the release of insulin. Other hydrogels have also been fabricated 

which contain glucose oxidase and are reviewed here (45). 
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1.1.5 Surface Display of Bacterial Proteins on the Surface of Bacterial Spores 

In 1986, it was first demonstrated that heterologous proteins could be biologically 

functionalized onto the surface of bacterial cells (46-47). These systems typically take 

advantage of outer-membrane proteins such as OmpA, LamB, and PhoE (46-48); 

however, they are limited by the size of fusion protein that they are able to express as the 

heterologous protein is usually inserted into extracellular loop regions (49). To address 

this issue, spores have been utilized for surface display systems. The spore coat is 

decorated with surface proteins that can be conjugated to heterologous proteins via the C- 

or N- terminus and function as carrier proteins to display the passenger protein on the 

surface of the spore. Advancements in spore surface display techniques have led to the 

expression of proteins in their bioactive form and allowed for proteins such as reporters, 

enzymes, and recognition elements (e.g., antibodies) to be incorporated on this rugged 

platform for bioanalytical applications (Figure 1.6).  

 

Figure 1.6. Schematic showing various classes of proteins displayed on the spore 
surface, including a) reporters, enzymes and b) recognition elements. 
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One of the most studied spore surface display systems is that of B. subtilis, due to 

the detailed knowledge of its spore structure. In particular, the CotB protein, which is 

expressed on the surface of B. subtilis spores, was one of the first spore coat proteins used 

to demonstrate the ability to display heterologous proteins on the surface of the spores 

(50). In this work, the authors fused the tetanus toxin fragment C (TTFC) to the CotB 

protein, thus exposing the non-natural protein structure on the spore surface. To confirm 

the presence of both CotB and TTFC on the surface of the spores, Western blot analyses 

were performed. Although this proved the expression of TTFC on the spore surface, it did 

not confirm that TTFC was in its active form. To evaluate the bioactivity of the toxin, 

mice were immunized with the surface modified spores to elicit a detectable immune 

response. Approximately four weeks into the study, TTFC specific IgG antibodies were 

present in the mouse serum at levels significantly above that of mice immunized with 

native spores, confirming the bioactivity of the TTFC. Not only did this study 

demonstrate the ability to effectively express bioactive proteins on the surface of the 

spore coat, but it was also one of the first studies to surface display a protein of such large 

molecular mass (51.8 kDa) without disrupting the bioactivity of the protein. Importantly, 

this work showed that proteins displayed on the surface of spores under varying 

temperatures retained similar activity to that of proteins expressed on fresh spores for up 

to 12 weeks, indicating the ruggedness of the spore as a platform for expressing 

heterologous proteins (50). 

The importance of the biotin-streptavidin interaction in analytical applications has 

made it attractive for spore surface display. Streptavidin is a protein with four binding 

sites for its ligand, biotin (vitamin B2), and has one of the lowest known Kd values (10-15 
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M). One of the attractive features of this interaction is that biotin can be easily chemically 

conjugated to many biomolecules such as proteins, carbohydrates, and nucleic acids. Due 

to this strong, specific interaction and the ease of conjugation of the ligand to many 

biomolecules of interest, the biotin-streptavidin system has been exploited in numerous 

bioanalytical applications through the years for immobilization and detection in DNA 

hybridization assays, immunoassays, purification, and biomarker detection to name a few 

(24, 51-53). Kim et al. fused streptavidin to the spore surface protein CotG of B. subtilis 

(54). Successful display on the spore surface was confirmed by immunostaining the 

spores with an anti-streptavidin antibody and a fluorescein isothiocyanate (FITC)-labeled 

secondary antibody. Next, the streptavidin displaying spores were incubated with biotin-

FITC to ensure that the streptavidin expressed on the spore surface was still in its 

bioactive form. From the fluorescence observed via confocal microscopy, it was found 

that the biotin-FITC bound with higher affinity to the outermost portion of the spore 

indicating that the streptavidin was functional with available biotin binding sites. To 

further prove the activity of the streptavidin displayed on the spore surface, the spores 

were analyzed with fluorescence activated cell sorting (FACS). From this data, it was 

concluded that there was a difference in fluorescence when spores with streptavidin 

expressed on the surface were incubated with biotin-FITC as compared to native spores. 

In addition to demonstrating one of the first examples of spore surface display of a 

tetrameric protein, this study showed the ability of the spores to overcome toxicity issues 

due to biotin sequestering, which are found when using vegetative cells for streptavidin 

surface display, once again demonstrating the ruggedness of spores as platforms for 

bioanalytical sensing systems.  
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Due to the innate stability of the spore, certain biological moieties can be 

expressed on the surface to allow the spores to be applied as bioremediation tools. 

Specifically, a system was developed where eighteen histidine residues were surface 

expressed via a fusion to the B. subtilis spore surface protein CotB (55). The spores were 

then analyzed for their ability to bind nickel ions. It was found that both, native and 

recombinant spores, were able to bind nickel; however, the spores displaying the histidine 

residues on their surface adsorbed significantly more nickel than their native 

counterparts. Additionally, it was found that neither pH nor temperature affected the 

ability of spores to bind nickel. The only factor that influenced the nickel adsorption was 

the amount of spores present in the suspension. Furthermore, the spores were subjected to 

desorption experiments to evaluate whether the nickel could be released from the spores. 

It was shown that approximately 40% of adsorbed nickel ions could be recovered from 

the native and histidine surface-displaying spores. Although this work demonstrated the 

feasibility of using spores as bioremediation agents, it should be noted that the histidine 

tag could only be imaged on the forespore and not on fully mature spores. The authors 

speculate that this could be due to the presence of a recently discovered spore crust in B. 

subtilis covering the histidine tag and making it inaccessible to the anti-histidine antibody 

employed in the imaging studies (56). This could indicate that biomolecules displayed 

with fusion partners on the spore coat of B. subtilis may not be accessible to an analyte of 

interest if the analyte is unable to penetrate this crust layer. 

In addition to recognition elements such as the histidine tag and streptavidin, 

enzymes have also been displayed on the surface of spores. Specifically, work by Kwon 

et al. demonstrated the fusion of the enzyme ß-galactosidase to a surface protein of B. 
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subtilis, CotB, to develop a spore-immobilized biocatalyst for transgalactosylation in a 

water-solvent biphasic reaction system (57). After sporulation of the B. subtilis cells, the 

spores were tested under varying conditions such as ultrasonic vibration, vigorous 

shaking, and detergent treatment, to determine the extent of anchoring of the ß-

galactosidase-CotB fusion to the spore surface. Interestingly, the enzyme remained 

conjugated to the spore surface, demonstrating a high degree of stability. It was found 

that the only treatment that was able to extract the enzyme from the spore was hot 

alkaline sodium dodecyl sulfate solution. Additionally, the activity of the enzyme 

displayed on the spore surface was evaluated in varying organic solvents. It was found 

that the immobilized ß-galactosidase was more active in the organic solvents than the free 

enzyme in solution. The thermal stability of the surface displayed enzyme was also 

increased as compared to the free enzyme, maintaining over 45% of activity after two 

hours of incubation at 40 ºC as compared to a complete loss of activity of the free enzyme 

at this temperature. Furthermore, this work described a higher enzyme activity at the 

interface between a polar and nonpolar phase, probably due to the mobility of spores at 

the interface, resulting in a higher availability of the enzyme. This increase in enzymatic 

activity at water/organic solvent interfaces had been previously noted when ß-

galactosidase was conjugated with polystyrene (58). Although the chemical conjugation 

of ß-galactosidase to a polymer showed similar activities, the spore surface display has 

many advantages over polymer conjugation. First, through regular biofermentation 

processes at relatively low temperatures and pressure, the spores can be made available 

with properly folded enzyme. This is also a benefit because it requires no additional 

purification of the enzyme as it is genetically encoded on the spore DNA and displayed 
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on the spore surface. Additionally, the spores can be easily removed from the reaction by 

centrifugation and reused for further biocatalytic processes. The authors found that the 

spore surface displayed enzyme retained over 80% of the activity after being centrifuged, 

isolated, and reused.  

Certain Bacillus spores have been utilized as natural probiotics in humans and 

animals or as feed supplements that improve the digestive health of the host (59-60). In 

fact, certain Bacillus species are known to act as probiotics. Their administration in the 

form of spores allows survival across the highly acidic environment of the stomach, 

meanwhile the ability of the spore to germinate and the bacterial probiotic activity are 

still maintained in the intestine. Although these microorganisms have innate probiotic 

properties, these properties can be enhanced by the addition of proteins, such as feed 

enzymes, to the surface of spores. Feed enzymes are typically incorporated into animal 

nutritients to increase the ability for the animal to digest and/or assimilate the feed, which 

minimizes the environmental impact of increased animal production. One obstacle for the 

use of these enzymes as probiotics is the ability to deliver them to the gut of animals 

while maintaining the activity of the enzyme in the harsh environment of the stomach. To 

overcome this obstacle, spores have been employed as carriers of such enzymes due to 

their innate resistance to harsh environments. Potot et al. displayed the feed enzyme 

phytase on the surface of B. subtilis spores using the inner coat protein OxdD as the 

carrier protein (61). Phytase increases the nutritional value of feed by freeing phytate-

bound phosphorous, thus decreasing the need for supplementation of feed with free 

phosphorous. Previous studies, in which the reporter protein, GFP, was conjugated to 

OxdD, have shown that OxdD is a protein expressed in the inner layers of the spore coat 
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of B. subtilis spores (62). Due to its position on the interior of the spore coat, the authors 

hypothesized that using OxdD as a fusion partner to passenger proteins could offer 

protection from the surrounding environment as well as minimize the effect of the fusion 

on the formation of the spore coat. To further test their hypothesis, the authors fused 

phytase to both OxdD and CotB independently, and expressed both fusions on the surface 

of the spores. It was found that OxdD fusion showed a two-fold decrease in enzymatic 

activity as compared to fusion to CotB, which is positioned in the outermost layer of the 

coat. The authors suggested that although the location of OxdD may protect the enzyme 

from the environment, it could also hinder enzyme substrate accessibility.  

The spore surface display of selected bioanalytically relevant species is possible 

for the development of spore-surface-based assays. For this, it is important to be able to 

express reporter molecules and other proteins of interest on the spore surface. Reporter 

proteins can help characterize the anchoring motifs of the various spore coat proteins 

without immunostaining, as well as be used for the signal production in bioanalytical 

assays. Green fluorescent protein (GFP) was one of the first reporter proteins to be 

expressed on the surface of the B. subtilis spores (63). In this study, GFPUV was fused to 

the C–terminus of the B. subtilis spore coat protein CotG. Additionally, B. subtilis cells 

were transformed with a plasmid that would allow for expression of the GFPUV without 

the fusion to CotG, to determine if GFP expressed in the cell without CotG as its fusion 

partner would be incorporated into the coat of the spore. Next, the native cells, the spores 

with the plasmid encoding for only GFP, and the spores encoding for the GFP-CotG 

fusion were analyzed via flow cytometry. With the wild type cells that do not have the 

plasmid encoding for GFP, no fluorescence was observed. However, the cells that 
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express GFP in the cytosol showed a combination of the non-fluorescent spores and the 

fluorescence of the mother cell, which contains cytosolic GFP. When the spores had fully 

formed, however, there was no fluorescence visualized on the resultant spores. The study 

concerning only the spores containing the GFP-CotG fusion showed a marked increase in 

fluorescence, indicating that the GFP was expressed on the surface of the spores. 

Additionally, the results from the flow cytometry experiments were confirmed by 

confocal microscopy. The display of GFP on the surface of spores has been further 

exploited by the fusion of GFP to other spore coat proteins to probe the interactions of 

these B. subtilis coat proteins during and after sporulation (62, 64). By using the GFP in a 

fusion for spore surface display, fluorescence microscopy can be a powerful tool to help 

elucidate the formation and structure of the intricate spore coat as well as the optimum 

termini for protein fusion to many of the surface display proteins, such as CotC, which 

form dimers in the spore coat (65-66). Additionally, fusion of EGFP to surface proteins in 

other Bacillus species, such as BclA and BclB in Bacillus anthracis, has led to the 

identification and characterization of other host proteins to be exploited in surface display 

(67). 

Phage display has been a major tool in the discovery of novel peptides, 

antibodies, and proteins with high affinities for receptors or haptens; however, the 

toxicity of some proteins displayed on the surface of the phage leads to only the selection 

of mutants with stop codons or deletions in the protein sequence (68). Additionally, the 

high level of display may affect the infectivity of the phage while a low level may be 

discarded at the affinity chromatrography phase, during the phage selection. Spore 

surface display offers an advantage for the creation of mutagenesis libraries because the 
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surface of the spore is durable and the amount of displayed protein can be controlled 

based on the protein used to anchor the mutant. Many proteins are incorporated into the 

spore coat of B. subtilis, including enzymes. Gupta et al. exploited the surface display to 

perform directed evolution of an enzyme on the spore coat, CotA (69). CotA is a laccase 

which catalyzes the oxidation of a broad range of substrates, including diammonium 2,2-

azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and 4-hydroxy-3,5-

dimethoxybenzaldehyde azine (SGZ). The endogenous function of CotA in the spore is 

unknown, although it is responsible for the brown pigment of the spore which helps 

protect the spore from UV light (70). A mutagenesis library was constructed and the 

mutant as well as native CotA genes were ligated into a plasmid that was transformed 

into a B. subtilis CotA knockout strain. Upon cell growth and spore formation, both the 

control spores (with native CotA) and the mutant spores obtained from the mutagenesis 

library were assayed for CotA activity by measuring changes in absorbance of the ABTS 

and SGZ substrates. The authors found that one mutant of CotA, termed CotA-ABTS-

SD1, was 120 times more specific for ABTS than the native enzyme. To ensure this 

increase in activity was not due to different levels of expression of each protein on the 

surface of the spore, the proteins were extracted and analyzed via SDS-PAGE, which 

showed that the levels of expression were similar for each protein. The sequence of the 

mutant CotA-ABTS-SD1 was then analyzed to determine the specific nucleotide 

mutations. This work was one of the first to demonstrate that the display of proteins on 

the surface of spores could be exploited to create and analyze mutagenesis libraries. 

Although B. subtilis has been extensively used for the display of proteins on the 

surface of the spore, there are some shortfalls with this surface display system. Perhaps 
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the most pressing issue is the competition between expression of native spore surface 

coat proteins versus the expression of fusion proteins incorporating the coat proteins as 

carriers (71). Additionally, it has been shown that CotB–

50

 strains, not expressing the native 

CotB, cannot be used to express heterologous proteins ( ). To overcome these problems, 

Bacillus thuringiensis spores have been explored for surface display. Specifically, ∂ -

endotoxins expressed on the surface of B. thuringiensis spores have been exploited as 

fusion carrier partners for spore surface display. These endotoxins, such as the crystal 

(Cry) and cytosolic (Cys) proteins, have biocidal activities that contribute to the use of B. 

thuringiensis spores as an insecticide in many agricultural applications (72).  

Du et al. have constructed a plasmid that fuses a protein of choice to a 415 

nucleotide sequence of a protoxin, Cry1Ac, which, in turn, acts as a fusion partner for the 

display of the chosen protein on the surface of the spore (73). It is important to note that 

this work was carried out using Cry– mutant strains of B. thuringiensis. This allows for 

expression of the fusion protein on the surface of the spore without competition from the 

native protoxin. Since this was one of the first studies utilizing the B. thuringiensis 

surface display system, the authors first had to optimize the length of the fragment of the 

protoxin needed for adequate surface display on the spore and yet minimize protease 

cleavage of the protoxin. In order to identify which fragments of the protoxin were large 

enough to have the anchoring site enabling adequate display of fusion proteins on the 

surface, but small enough to avoid degradation by proteases, the well-studied fluorescent 

reporter GFP was employed as the fusion protein to be displayed. Varying fragment 

lengths of the protoxin were evaluated to display the GFP on the surface of the spore. 

This was accomplished via fluorescence microscopy. The degree of fluorescence 
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intensity was dependent on protoxin length, ranging from spores with no protoxin and 

only the gene for GFP showing no fluorescence to spores with the longest construct 

(Bt10) exhibiting the highest fluorescence on the surface. After evaluating the display 

efficiency of several fragments of the protoxin, it was determined that the most efficient 

construct was a 415 nucleotide sequence termed Bt6. To further characterize their 

optimized system, the authors surface diplayed a single-chain antibody (scFv), which 

recognizes the hapten 4-ethoyxlmethylene-2-phenyl-2-oxazolin-5-one (phOx), as a fusion 

with Bt6. Upon treating the spores with bovine serum albumin (BSA) to block 

nonspecific binding and incubating them with either FITC-BSA-phOx or FITC-BSA as a 

control, it was noted that the spores treated with FITC-BSA–phOx had visible surface 

fluorescence and those spores treated with the control had no observable fluorescence, 

thus showing the ability of the surface displayed scFv to bind its ligand. This work was 

significant for two reasons: 1) it optimized the fragment size of the protoxin needed for 

spore surface display and 2) it demonstrated that functional biomolecules could be 

displayed on the surface of the B. thuringiensis spores. 

Surface display has been employed to assist in the micropatterning of spores on a 

surface (74). Specifically, EGFP was displayed on the surface of B. thuringiensis spores 

by fusion to the spore surface protein InhA (Figure 1.7). This reporter protein was chosen 

due to the ease of detecting the fluorescence to image the position of the spores on the 

target surface. Glass surfaces were patterned with streptavidin conjugated to a 

fluorophore and poly(ethyleneglycol) (PEG) for surface passivation. An anti-GFP 

antibody was incubated with the spore to selectively bind to the EGFP on its surface. 

Next, a biotin-protein A complex was incubated with the spores for binding to the anti-
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GFP antibody. The spore complex was then incubated on the streptavidin-patterned glass 

and was imaged with confocal microscopy. It was found that the spores would only bind 

to areas on the glass where streptavidin was patterned (Figure 1.7). The micropatterned 

spores were subsequently germinated in the presence of appropriate nutrients. 

Importantly, the obtained unattached vegetative cells were mostly spatially confined to 

where the spores were present, even though some cells could migrate to the PEG-

patterned regions. This work demonstrates the feasibility of using surface displayed  

 

Figure 1.7. Micropatterning of spores with streptavidin displayed on the surface. a) 
Schematic showing the display of EGFP on the suface of B. thuringiensis spores and the 
method used for immobilization of the spores to the micropatterned surface. b) 
Fluorescent image of the micropatterned surface. Streptavidin was conjugated with 
tetramethylrhodamine isothiocyanate (TRITC), indicating that the streptavidin is only 
present in the red areas, as further shown by d). c) Fluorescence micrograph of spores 
displaying EGFP on the surface. e) Bright field image of the spores. f) Image showing 
that the spores are patterned only in areas where streptavidin is immobilized. Figure 
reproduced with permission from reference (74). 
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proteins on spores for micropatterning and proposes a general strategy for the 

micropatterning of any spore-forming microbial cells. However; due to the ability for the  

vegetative cells to migrate, the authors conducted another study in which they 

functionalized the spore surface with biotin and coated three-dimensional PEG 

microwells with streptavidin (75). As previously observed, the biotinylated spores were 

able to selectively bind to microwells with streptavidin and the vegetative cells remained 

consistently in place after spore germination due to the three-dimensional well structure. 

The ability to restrict spores to specific areas on the surface where also vegetative cells 

are confined could lead to future development of spore microarrays for multianalyte 

detection.  

1.2 Bacterial Whole-Cell Biosensors 

Genetically engineered living cells have found numerous applications as whole-

cell biosensing systems (76-79). Inducible bacterial whole-cell biosensors are comprised 

of genetically engineered bacterial cells harboring a plasmid that bears a reporter element 

under the control of a specific operator/promoter (O/P). It is necessary to also have a 

regulatory/recognition element coding for a protein that will bind to an analyte of interest  

and, thus, either bind to (positive regulation) or release (negative regulation) the O/P 

region to begin transcription of the reporter element. Within a certain concentration 

range, this interaction results in an analyte dose-dependent response that is detectable by 

a color change, light emission, or other quantifiable signal, depending on the nature of the 

reporter and detection method employed (Figure 1.8). Non-inducible bacterial whole-cell 

biosensors rely on the toxicity of the molecule or sample of interest. These either 

naturally produce a signal, usually bioluminescence, or contain a plasmid with a reporter 
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protein that is constitutively expressed. When a toxic compound that is lethal to the cells 

is introduced to the system, the cells die, which results in a dose-dependent decrease in 

signal of the reporter protein. Inducible whole-cell biosensors have been used for 

detection of a variety of analytes (80-82). These biosensing systems have proven to be 

valuable analytical tools due to their selectivity, sensitivity, rapidity, ease of use, and 

cost-effectiveness. 

1.2.1 Environmental Detection 

Whole-cell biosensors are efficient tools for the detection of environmentally 

relevant molecules. Specifically, one benefit is the sensor detects only the bioavailable 

amount of analyte, which helps to predict the fate of molecules in toxicological studies. 

Unlike non-biological sensors, whole-cell biosensors are highly selective due to the need 

for a regulatory protein, which has high specificity and selectivity, for signal 

development. For these reasons, whole-cell biosensors have been employed for the 

detection of environmentally relevant molecules. 

 An important analyte that has been detected by whole-cell biosensors is 

hydroxylated polychlorobiphenyls (OH-PCBs), which are metabolites of PCBs. These 

molecules are extremely persistent in nature and have numerous negative health effects 

on humans such as inhibiting intercellular communication and forming DNA adducts 

which lead to the damage of DNA (83-84). Turner et al. developed a whole-cell 

biosensor based on the HbpR protein for the detection of OH-PCBs (85). The authors 

screened approximately 30 OH-PCBs to determine the sensitivity and selectivity of the 
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Figure 1.8. Inducible whole-cell biosensors harbor plasmids carrying reporter elements 
under the control of an O/P region. Upon analyte binding to a recognition/regulatory 
protein, the protein either releases the O/P region (negative regulation), as shown in the 
schematic, or binds to the O/P region (positive regulation) to begin transcription of 
downstream reporter genes. The result is a dose-dependent expression of the reporter 
protein, accompanied by a dose-dependent signal production based on analyte 
concentration.  
 

sensor for a range of OH-PCBs with various hydrophobicities and chlorine substitutions. 

The sensor had a detection limits ranging from 1 × 10-5 M to 1 × 10-7

86

 M, depending on 

which OH-PCB was being detected. Further, the authors demonstrated the feasibility of 

employing the sensor in human serum. OH-PCBs have also been detected using a whole-

cell biosensor which employed ClcR, a chlorocatechol binding protein, although this 

sensor was only able to detect para- substituted OH-PCBs ( ). 

 Whole-cell biosensors have also been employed for the detection of arsenic. In a 

study by Stocker et al., three separate whole-cell biosensors were developed which utilize 
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the E. coli ars operon (87). In the first sensor, luxA and luxB were fused upstream of the 

arsR gene and promoter region. The sensor was able to detect arsenite within 30 min and 

had a detection limit of 0.05 µM. In the second sensor, GFP was used as the reporter 

molecule. This sensor obtained a detection limit of 0.1 µM within 1 h. Finally, the third 

whole-cell sensor developed in the study employed β-galactosidase as the reporter. Due 

to the ability to use a chromagenic substrate with β-galactosidase, the authors utilized 

paper strips to develop a semi-quantitative method for the detection of arsenic. The strips, 

which had the whole-cell biosensors harboring arsR and lacZ, were incubated 30 min in 

the presence of analyte before the addition of X-gal. The blue color intensity that 

appeared correlated in a dose-dependent manner to the amount of arsenic present in 

solution. The authors could not differentiate between the color production from a strip 

exposed to 0.4 µM arsenic or higher, although this is well within the EPA limits for 

arsenic in drinking water. Further, water samples were tested from Bangledesh and all 

samples tested above the EPA limits. Rosen et al. genetically engineered a whole-cell 

biosensor to respond selectively to organoarsenicals over inorganic arsenic (88). 

Organoarsenicals are commonly found in livestock feed and as herbicides. Other whole-

cell biosensors have been developed for the detection of chromate, copper, lead, 

cadmium, mercury, and other environmental compounds (89-92).   

1.2.2 Detection of Quorum Sensing Molecules 

Quorum sensing bacteria are responsible for diseases such as cystic fibrosis and 

irritable bowel disease (IBD) (93-94). IBD includes diseases such as ulcerative colitis and 

Crohn’s Disease and is thought to be caused in genetically predisposed individuals by an 
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overly aggressive immune response to commensal bacteria (95). These diseases are 

characterized by an increase in inflammatory activity against chronic inflammation. 

Raut et al. hypothesized that monitoring the quorum sensing molecules over time 

can give an idea of the amount of bacteria present, inflammation, and the progress of the 

disease (96). Specifically, a universal quorum sensing molecule which encompasses both 

Gram-negative and Gram-positive bacteria would be an ideal non-invasive biomarker for 

gastrointestinal disease. In recent years, a group of molecules referred to as autoinducer-2 

(AI-2) have been found in both Gram-positive and Gram-negative bacteria (97). These 

molecules are used for interspecies communication. The production of these molecules 

from their common precursor, 4,5-dihydroxy-2,3-pentanedione (DPD), is catalyzed by 

the LuxS enzyme. In the organism Vibrio harveyi, the AI-2 diffuses out of the cell and 

binds to a periplasmic binding protein, LuxP. This binding event starts a cascade of 

phosphorylation/dephosphorylation events and leads to the expression of luciferase for 

the production of light (98). Raut et al. developed a biosensing system based on a V. 

harveyi strain BB170 developed by Bassler et al. (99). Native V. harveyi has a complex 

quorum sensing network which responds to both AHLs and AI-2; however, strain BB170 

has been genetically modified to only respond to AI-2. Previously, this system has only 

been used as a bioassay to screen cell cultures to identify bacteria able to produce AI-2. 

Raut et al. optimized strain BB170 for use as a whole-cell biosensor and applied it for the 

quantitative detection of AI-2 in saliva, stool, and intestinal samples from IBD patients 

and control subjects (96). When AI-2 is present, it binds to the periplasmic binding 

protein LuxP, which undergoes a conformational change and initiates the transcription of 

the luxCDABE cassette. This cassette codes for bacterial luciferase and the enzymes that 
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catalyze the synthesis of the substrate for the luciferase. The amount of light generated by 

the cells is directly proportional to the amount of AI-2 present, which allows the sensor to 

be used to monitor the concentration of AI-2 in physiological samples. Specifically, the 

authors are monitoring the AI-2 levels in saliva, stool, and intestinal washing samples. 

The concentration of the biomolecule in saliva is indicative of systematic concentration 

while the concentration in stool and intestinal washing samples are representative of the 

bowel environment (100-101). 

Initially, the authors optimized the protocol for the assay and established a dose-

response curve for AI-2 with a detection limit of 2.5 × 10-8 M and a dynamic range 

between 2.5 × 10-8 M to 1 × 10-5 

102

M. It is important to note that the detection limit of the 

whole-cell biosensor is below the level of AI-2 previously found in human saliva. The 

AI-2 levels were reported to be between 244-965 nM by using LC-MS/MS, indicating the 

feasibility of use of this whole cell biosensor in biological samples ( ). Additionally, 

the sensing system was found to be reproducible, having an intra- and inter-assay percent 

relative standard deviation of less than 8%. The entire assay took only 2.5 h, which was a 

40% reduction in time as compared to the conventional assay.  

Next, the authors detected AI-2 in stool samples. It was found that when the stool 

was not diluted, significant quenching of the bioluminescence was observed. Therefore, 

the authors optimized the stool dilution to remove any matrix effects and found that a 

1:750 (w/v) dilution of stool in reverse osmosis (RO) filtered water was necessary. Due 

to the change of the matrix, the authors generated a new dose-response curve in 1:750 

diluted pooled stool samples. This curve was compared to the standard dose-response 

curve and it was shown that the curves overlapped and had similar analytical 
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characteristics. The authors then tested stool samples from IBD patients and control 

patients. It was found that in the IBD patients, the levels of AI-2 varied considerably. The 

authors hypothesized that these variations may reflect perturbations in the microflora of 

the inflamed intestines (103-104). 

Similar to the stool samples, when AI-2 was detected in saliva, matrix effects 

were noted. The authors determined that a 1:100 (v/v) dilution of the saliva eliminated 

the matrix effects and allowed for a dose-response curve with analytical characteristics 

similar to the standard dose-response curve. This confirmed that the whole-cell biosensor 

could be used in the detection of AI-2 in saliva.  

When developing sensors which may have relevance for diagnostics or 

environmental detection, it is important to utilize a sensor and detection method which 

can be amenable to a portable bedside or field kit. Whole-cell biosensors are ideal 

candidates for such sensors due to their ability to withstand a range of environmental 

conditions, requirement of minimal or no sample pretreatment, easy and rapid detection, 

and cost-effectiveness, to name a few (105-106). Due to the prevalence of quorum 

sensing in the pathogenesis of bacteria-related disorders, developing a fast, reliable visual 

detection method for bacterial signaling molecules are of great interest. Previous work 

has been done to sense AHLs visually without instrumentation; however, these methods 

have shortcomings such as being time-consuming and not allowing detection in a dose-

dependent manner (107). To overcome these shortcomings, Struss et al. designed a 

whole-cell biosensor that was amenable to paper strips for the semi-quantitative detection 

of bacterial quorum signaling molecules (108). This whole-cell sensor was based on 

plasmid pSD908, which contains the lasR gene and the lacZ gene under the 
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transcriptional control of PlasI, transformed into E. coli DH5α cells. When long-chain 

AHLs are present (C8 and above), they bind to the LasR regulatory protein which, in 

turn, binds to its promoter sequence, PlasI

109

. This binding event begins the translation of the 

lacZ gene which produces β-galactosidase and is directly proportional to the amount of 

AHL present in the environment of the sensing cells. Β-galactosidase has a variety of 

substrates to determine signal intensity and, depending on the chosen substrate, detection 

of the signal can be fluorescent, chemiluminescent, electrochemical, or colorimetric 

( ).  

Initially, the whole-cell biosensor was incubated with N-dodecanoyl homoserine 

lactone (C12-HSL) to develop a dose-response curve. C12-HSL was chosen because it 

had previously been shown to induce a higher response in a whole-cell sensing system 

based on lasR/PlasI

110

 as the sensing element than shorter chain quorum sensing 

molecules( ). A chemiluminescence-based detection was used in solution to ensure the 

assay worked properly in solution before applying it to the filter paper. The limit of 

detection for the dose-response curve for C12-HSL was found to be 1 × 10-9

Next, the E. coli cells harboring plasmid pSD908 were immobilized on the filter-

paper-based strips. This was accomplished by suspending the cells in a drying protectant 

solution and applying the solution directly to filter-paper strips to allow them to dry via a 

liquid-drying method. This method was used to help in the long-term preservation of 

 M. To 

investigate matrix affects on the system, C12-HSL was also detected in pooled saliva 

previously determined to not contain C12-HSL. The dose-response curve generated was 

compared to the curve that was generated in the assay buffer, in the absence of saliva, and 

in the same analytical run and showed almost no matrix affects.  
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cells. After the cells were dried on the filter-paper strips, they were immersed in a test 

solution containing Luria-Betrani broth at 37 °C for 1.5 h. To detect, X-gal was added 

onto the bacterial cells to develop a blue color. The intensity of the blue color was 

directly proportional to the concentration of C12-HSL (Figure 1.9). The pixel intensities 

were measured using the software ImageJ. After 1.5 h, the detection limit for the paper 

strip biosensor was 1 × 10-8 M; however, in only 60 min a detection limit of 1 × 10-7

 

 M 

AHL was obtained, demonstrating that the higher concentrations of AHLs can be 

detected at an earlier time. The assay was performed again incubating at room 

temperature (RT) and the dose-response curve had the same limit of detection as the one 

Figure 1.9. Paper strips for the detection of QSMs. Paper strips for the detection of 
QSMs. A) Dose-response data in buffer using filter-paper-based strips. The color 
intensity increases with increasing concentration of AHL. B) Detection of AHLs in 
healthy patients (1-5) and a patient with Crohn’s Disease (6). Reproduced with copyright 
permission from reference (108). 
 

at 37 °C. This demonstrates the applicability of the system for point-of-care diagnostics 

and field applications. Additionally, the paper strip sensors were found to be stable for 3 
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months at 4 °C without loss of analytical characteristics of the sensor. Finally, the paper 

strip sensor was employed for detection of AHLs in saliva and distinct AHL levels were 

found in both healthy patients and diseased individuals, showing that the use of paper 

strip sensors in physiological samples for the detection of AHLs is feasible.  

Previous studies have shown that the gut bacterial flora may play a role in 

pathogenesis of inflammatory bowel disease (IBD) (111). Additionally, because 

antibiotics have been shown to successfully treat IBD patients, bacteria have been further 

implicated in the development of the disease (112). Previous reports demonstrate that the 

antibiotic azithromycin was able to interfere with the regulation of the quorum sensing 

network of P. aeruginosa by inhibiting virulence factors and biofilm formation (113-

114). These studies, however, only investigated the behavior changes of the native cells, 

such as motility and biofilm formation, but did little to investigate the mechanism of 

action of the antibiotic on the quorum sensing system. To better understand how 

antibiotics are able to interact with the quorum sensing network and screen for antibiotics 

that are able to interfere with quorum sensing, Struss et. al. employed whole-cell 

biosensors with regulatory elements of P. aeruginosa, RhlR and LasR, that control the 

expression of luxCDABE which is under control of the promoter, PrhlI or PlasI

115-116

 in plasmids 

pSB406 and pSB1075, respectively ( ). The plasmids were harbored by E. coli 

cells. Briefly, when AHLs are present in proximity of the whole-cell biosensor, they are 

able to form an AHL-regulatory protein complex which, in turn, is able to bind to its 

specific promoter and activate the transcription of luxCDABE. The production of light 

from the bioluminescent protein from luxCDABE is directly proportional to the amount of 

AHL present in the environment around the whole-cell biosensor. By utilizing the whole-
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cell biosensor in an organism other than P. aeruginosa, it is possible to determine if the 

antibiotic inhibits quorum sensing regulation on the level of the regulatory proteins or if it 

interacts via a different mechanism. The authors investigated three antibiotics that were 

commonly used in the treatment of IBD: ciprofloxacin, metronidazole, and tinidazole. 

Azithromycin was used as a control because it has previously been shown to act as a 

quorum sensing agonist/antagonist (117). Additionally, to test the efficacy of the assays, 

the native compounds for RhlR and LasR were used, C6-HSL and C12-HSL, 

respectively.  

Azithromycin was able to induce a dose-dependent response in both the pSB406 

and pSB1075 based whole-cell sensors. Furthermore, it was able to induce light 

production both in the presence and absence of the cognate AHL. The other compounds 

tested were also able to induce the production of light in both whole-cell sensors both in 

the presence and absence of the cognate AHL; however, the similarly structured 

tinidazole and metronidazole activated the pSB1075 sensor to a greater extent than the 

pSB406 system. It is important to note that when the authors performed the studies with 

the whole-cell biosensor, they normalized all of the results to cell viability. This is to 

ensure that the changes observed are due to the interaction of the compound with the 

regulatory protein and not other interactions with the other components in the cells or due 

to a decrease in signal is due to a decrease in the number of live cells. Another important 

thing to note is that the concentrations of antibiotic that initiated an agonistic response 

were clinically relevant and included the peak plasma concentrations of the antibiotics.  

The authors point out that their results are in contrast to previous studies reported 

for ciprofloxacin (118). However, the previous studies were performed in P. aeruginosa 
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PAO1 cells while the current study was performed using E. coli cells. This is an 

important demonstration of how whole-cell biosensors can allow studying the effects of 

molecules on a specific protein/promoter system, while in the native cells the effect could 

be due to other cell components. This was proven by a study showing that azithromycin 

did not directly affect the expression of QS-related genes, but decreased AHL production 

by lowering expression of genes upstream to the synthase ones (119).  

Whole-cell biosensors are powerful tools, specifically for quorum sensing 

regulatory proteins which are difficult to purify and elucidate the structure. The ligand 

binding domain (LBD) of LasR was isolated and a crystal structure was solved (120). A 

study was performed to screen antibiotics for inhibitory quorum sensing activity. 

Specifically, azithromycin and ciproflaxicin were docked against the LBD of LasR. It 

was shown that these antibiotics do not bind to the AHL binding site of LasR but rather 

to a different site (118). By using a whole-cell biosensor, it was shown that although 

these molecules may not be binding to the LBD, they still bind in such a way that they 

can cause a conformational change and allow for LasR binding to its promoter region.  

Beyond the molecules described above, whole-cell biosensors have been 

employed for the detection of numerous quorum sensing molecules which are noted in 

Table 1.1. 

1.2.3 Packaging of Whole-Cell Biosensors 

Although whole-cell biosensing systems are now well established, they are still 

limited due to the lack of stability of the cells for in-field analysis. Several cell storage 

methods have been employed to address these limitations such as, but not limited to, 

freeze-drying(121), sol-gel entrapment(122-124) and cryogel immobilization(125-126). 
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Table 1.1. Organisms and their autoinducers* that have been utilized in whole-cell 
biosensors. 

Organism Autoinducer Synthetase Receptor Reference 
Psuedomonas 
aeruginosa 

C4-HSL 
3-OXO-C12-
HSL 
 
HHQ, PQS 

RhlI 
LasI 
 
PqsA 

RhlR 
LasR, QscR 
 
PqsR 

(110, 127) 
(110),(116, 
128-130) 
(129) 

Vibrio fischeri 3-oxo-C6-HSL 
AI-2 

LuxI 
LuxS 

LuxR 
LuxP 

(116, 131) 
(96) 
 

Agrobacterium 
tumefaciens 

3-oxo-C8-HSL TraI TraR (132-133) 

*For a complete list of quorum sensing organisms and their autoinducers, please see 
reference (97). 

 

Although these methods are able to extend the shelf-life of whole-cell biosensors to a few 

weeks or months, they often are cumbersome, need additives to enhance the preservation 

method or require storage at low temperatures, which are not available in the field. 

Further methods to enhance long-term storage of whole-cell biosensors have been 

recently reviewed and critically discussed (134); An emerging method with promising 

initial results to improve the stability of whole-cell biosensors is to package them in 

spores. Particularly, these spores are simple and inexpensive to obtain, can endure 

extreme environmental conditions, have no need for nutrients, and can be stored and 

easily regenerated to active cells with little to no loss of analytical characteristics when 

implemented as whole-cell biosensing systems (135). These bacteria, such as those from 

the species Clostridium and Bacillus, have the ability to form spores in environments 

where nutrients are depleted. Bacterial sporulation is a process that results in the 

protection of DNA within a hard, dry coating. Spores can survive years in this dormant  
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state, with some reports of spore dormancy spanning longer than 25 million years (136-

137). Although spores from different bacteria have similar structure, they vary in shape 

and size, and are specific to the organism from which they developed.  

 

Figure 1.10. A schematic showing the layers of the spore coat. 

 

A thick layer of modified peptidoglycan called the cortex surrounds the forespore (the 

section of the mother cells that is committed to sporulation after DNA replication and 

unequal division of the mother cell), and is coated by a multilayered protein shell 

comprised of an inner and outer coat (Figure 1.10). At the center of the spore is the core, 

in which the DNA is housed and protected by complexation with small acid-soluble 

proteins (SASP’s), which make up more than 20% of the spore (138). These SASP’s, 

along with the spore multiple layers, function to protect the spores from environmental 

damage and enhance their stability in extreme temperatures, pHs, humidity levels, and 

allow them to not be affected by UV, gamma radiation as well as the presence of toxic 

chemicals (136, 139-141). The Clostridium and some Bacillus species have an 

exosporium, a further outer layer that is composed of proteins, lipids, and carbohydrates. 

The exosporium serves as a site for spore surface antigens that may further help protect 

the spore from macrophages. This is important for the pathological species of 
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Clostridium and Bacillus where they need to escape the immune system of humans or 

animals of which they routinely infect (142). Despite the dormancy of the spores, 

receptor proteins on the surface of the spore are sensitive to small amounts of nutrients in  

 

Figure 1.11. The germination and sensing of whole-cell biosensing systems preserved by 
sporulation. It has been shown that the sensing cells maintain similar analytical 
characteristics through numerous germination and sporulation cycles. Figure reproduced 
with permission from reference (143). 
 
 
the environment and, upon binding these nutrients, they trigger the process of 

germination, which leads to metabolically active vegetative cells (144). Other organisms, 

such as bacteriophages, exploit the stability of the spore by entering a carrier state and 

allowing the spore to trap their DNA into the developing endospore for preservation 

(140). The properties of spores have also led to a stable vehicle for biosensing, drug 

delivery, and other state-of-the-art bioanalytical applications (143).  

To use spores as a storage method for biosensing systems, the plasmid with a 

recognition element and reporter element must be transformed into a sporulating 
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organism. Once this is achieved, sporulation is carried out to form the highly stable long-

term spore-based storage system; following spore germination, the revived cells can 

readily be used for analytical sensing (Figure 1.11).  

Rather recently, our laboratory reported the first use of spores to enhance the 

long-term stability of whole-cell biosensors (145). Specifically, Bacillus subtilis cells 

harboring a plasmid that contained three genes arsR, arsB, and arsC, which confer 

bacterial resistance to arsenic, and lac-Z reporter gene, encoding β-galactosidase, under 

the control of the ArsR regulatory protein and ars operon O/P were employed for arsenic 

sensing. The cells were then sporulated and initially evaluated over 6 months for their 

detection limit, dynamic range and reproducibility. Detection limits in the submicromolar 

range were determined that were maintained during storage. Additionally, the analytical 

parameters did not vary significantly over the time period studied where the biosensing 

system was exposed to multiple sporulation-germination cycles. Follow-up studies 

demonstrated the stability of the spore-based sensing system when stored at room 

temperature for up to 24 months (134). To confirm the viability and broad applicability of 

this spore-based storage approach, Bacillus megaterium cells were employed to develop a 

whole-cell sensing system for zinc detection (145). For that, a plasmid containing the 

smtB gene, which encodes for the zinc binding protein, SmtB, and the egfp reporter gene, 

encoding the enhanced green fluorescent protein (EGFP), placed under the control of the 

smt operon O/P, was constructed and transformed into B. megaterium cells. Again, the 

analytical characteristics were unchanged through many germination and sporulation 

cycles as well as after storage of the spores for 8 months at room temperature. This work 

was the first demonstration of whole-cell biosensor stability when encapsulated in a spore 
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over long periods of time. Furthermore, work by Date et al. showed the feasibility of 

using these spore-based sensors in the determination of arsenic and zinc in environmental 

and biological samples, such as, freshwater and blood serum (Figure 1.12). The assay 

was performed in a microtiter plate format and results were obtained in 2.5 h or less upon 

direct incubation of the sensing spores with the samples. Importantly, the detection limit 

for arsenic was below the accepted levels of arsenic in drinking water as set by US 

Environmental Protection Agency (EPA), and the detection range for zinc was within the 

physiological and pathological levels in human serum (135). While this demonstration of 

using spores as whole-cell biosensors was completed in a laboratory setting, it represents 

an initial step towards the development of rugged biosensing systems for in field 

applications.  

 

 

Figure 1.12. The dose-dependent responses of the B. subtilis arsenic sensing system in 
various matrixes, such as human blood serum, freshwater and buffer.  B. subtilis cells 
harboring a plasmid with the lacZ reporter gene, encoding β-galactosidase, under the 
control of the ArsR regulatory protein and ars operon operator/promoter were employed 
for arsenic sensing. β-galactosidase was expressed dose-dependently on the basis of the 
addition of various concentrations of arsenic. RLU relative luminescence units. Figure 
reproduced with permission from reference (146). 
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Recent work by Fantino et al. demonstrated the use of spores for colorimetric sensors for 

zinc and the antibiotic bacitracin, terming these systems sposensors (147). This sposensor 

works by spotting the spores on filter paper and uses β-galactosidase as a reporter whose 

activity is detected by a colorimetric method, which allows for facile transport and 

reading of the sensor. B. subtilis cells incorporating a gene fusion of the czcD gene (a 

gene induced by the presence of Zn2+) with lacZ reporter gene were sporulated. The 

spores were then spotted on filter paper and were incubated with a range of zinc 

concentrations. The sensor was found to be sensitive enough to detect zinc concentrations 

(10 μM) approximately eight times lower than the EPA approved levels in drinking 

water. Additionally, B. subtilis cells containing a gene fusion between bceA (a bacitracin-

inducible gene of the bceRSAB operon that causes resistance of B. subtilis to bacitracin) 

and lacZ were turned into spores. Upon being spotted on paper in the sposensor format, 

the spores were exposed to varying bacitracin concentrations and showed a minimal 

detected concentration of 0.035 µM of antibiotic. This work utilizes a colorimetric sensor 

that can be easily operated and evaluated even by untrained personnel; however, it is still 

limited by the incubation time needed (at least 16 h) and controlled temperatures (37 or 

30 °C) required for optimal results; furthermore, the system as presented can only 

provide semi-quantitative information, although the use of proper imaging software for 

color intensity measurements could produce quantitative data. Therefore, there is still a 

need for a system to incorporate rapid germination and quantitative detection all on a 

single platform at room temperature. Additionally, the authors did not test the viability of 

the sensor in real samples, which is necessary for laboratory and on-site applications.  
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To address the need for a portable system where spore germination, incubation 

with samples, and signal detection are all integrated, Date et al. have developed a 

miniaturized device where the sensing spores are incorporated into a centrifugal 

microfluidics compact disc (CD) platform (148). This system has multiple reagent 

loading chambers with valves that burst at varying angular frequencies, known as burst 

frequencies, upon spinning of the CD. This allows the nutrient rich media containing the 

spores and the analyte/sample to be released from their respective reservoirs to the 

mixing channel and, subsequently, the detection chamber. When a substrate is needed to 

detect the activity of the reporter enzyme, additional reservoirs are added to the design of 

the microfluidics structures. This system was evaluated using the previously described 

zinc and arsenic spore-based sensing systems and the luminescent signals were detected 

by employing a fiber optic based detection system (145). It was found that 150 and 180 

min, respectively, were the minimum amounts of incubation time to detect the lowest 

concentration of zinc (1 μM) and arsenic (0.1 μM). This is a marked decrease in time as 

compared to the previously discussed sposensor, which requires 16 h for germination and 

signal development. Additionally, all experiments were carried out at room temperature, 

which facilitates on-site analysis. Furthermore, the detection limits in the microfluidics 

platform were comparable to those obtained on a microtiter plate format with coefficients 

of variation below 10%. The miniaturized system was also evaluated in real samples, 

such as, freshwater and serum, demonstrating similar detection limits and the feasibility 

of using the centrifugal microfluidics spore-based system in real world samples. These  
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results pave the way to the use of this miniaturized sensing system for on-site 

applications where a portable photodiode-based detector could be employed to measure 

the luminescent signals. 

The natural hardiness and resistance of spores could also enable the use of whole-

cell biosensors in locations with harsh environmental conditions as well as without easy 

access to a laboratory, e.g., remote areas and developing countries, which often lack 

adequate commercial distribution and storage facilities. To that end, a year-long study to 

investigate the effect of extreme climatic conditions on the stability of spores-based 

whole-cell biosensing systems has been accomplished in our laboratory (149). The spores 

were stored in laboratory conditions that simulated those found in real harsh 

environments, including, cold (arctic/polar areas), wet heat (tropical areas), dry heat (hot 

deserts), and desiccation. Aliquots of the stored spores were germinated at one-month 

intervals and the obtained sensing cells were assessed for their ability to respond to target 

analytes. The achieved results proved that the intrinsic resistance of spores to harsh 

environmental conditions helped maintain the integrity of the encapsulated sensor 

bacteria, thus allowing the revived active cells to retain their analytical performance 

during the course of the twelve-month storage period. This study supports the effective 

use of spore-based sensing systems for monitoring human health and the environment in 

the field, in extreme conditions.  

1.3 Statement of Research 

The goal of this dissertation is to exploit bacteria and their proteins for the 

development of tools for biotechnology applications. Specifically, we exploit these tools 

for the development of novel materials, to demonstrate the growing applications of 
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bacteria in the field of analytical chemistry, and to aid in the understanding of complex 

relationship between bacteria and their human host.  

 Chapter 2 focuses on the use of a bacterial whole-cell sensing system to 

understand the impact of mammalian neurotransmitters, specifically serotonin, on 

bacterial quorum sensing. This chapter delves into the concept of interkingdom 

communication where a species in one kingdom is able to respond to and react to a 

species of another kingdom. In this chapter, the effect of a common neurotransmitter, 

serotonin, on the quorum sensing system of a known pathogen, Pseudomonas 

aeruginosa, is evaluated using both a whole-cell sensing system and known processes 

native to the organism.  

 In chapter 3, the evolution of a whole-cell biosensor is demonstrated. We show 

how a bacterial whole-cell biosensor, which was originally created to detect inorganic 

arsenic, can be amended to various platforms and exploited for use in different 

applications than solely the detection of inorganic arsenic. This chapter includes data 

from a variety of experiments ranging from bacterial whole-cell biosensor data in 

solution to bacterial whole-cell biosensor data in nematodes. Chapter 4 expands on this 

concept and explores the use of packaging whole-cell biosensors in bacterial spores and 

immobilizing them on paper strips for the development of a facile, colorimetric sensor for 

the detection of arsenic. The paper-based system was one of the first to employ 

immobilized spores for enhanced stability and long-term storage of a whole-cell 

biosensor on paper and achieve detection in less than 4 h.  

  In chapter 5, a novel remotely controlled biohybrid material was 

developed. The thermophilic enzyme L-2-HADST was chemically conjugated to an 
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acrylamide hydrogel network and encapsulated with Fe3O4 nanoparticles. The activity of 

the thermophilic enzyme could be controlled by exposing the material to an alternating 

magnetic field (AMF) which, in turn, heated the nanoparticles and, thus, enhanced the 

activity of the enzyme. This chapter includes data optimizing the field strength of the 

AMF for enzyme activity and long-term stability data of the biohybrid material.  
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Chapter 2. The Janus Nature of Serotonin: Neurotransmitter and Bacterial 
Quorum Sensing Molecule 

 

2.1 Overview 

Bacterial cells represent ~90% of the cells in a human body, with an estimated 

500 to 1000 bacterial species present in the gastrointestinal (GI) tract, constituting part of 

our microbiome (150). The diverse and large population of bacteria in our microbiome 

prompted research aimed at understanding the bacterial influence on the host’s 

physiology. It was found that incubation of Pseudomonas aeruginosa with 

norepinephrine causes increased expression of PA-I lectin, an adhesion protein, 

indicating that bacteria are able to sense the host’s stress and alter their virulence 

phenotype accordingly (151). Sperandio et al. showed that the mammalian 

neurotransmitters epinephrine and norepinephrine activate the transcription of Lee1, a 

gene under control of the quorum sensing regulator QscA in enterohemorrhagic 

Escherichia coli (EHEC) as well as to activate flagella genes (152). The Lee genes 

express genes involved in attaching and effacing of EHEC cells for colonization in the 

large bowel. Epinephrine and norepinephrine are in high levels in the human GI tract, 

where EHEC cells colonize and cause outbreaks of diarrhea and hemolytic uremic 

syndrome (153). 

  Serotonin is an important neurotransmitter with more than 90% of serotonin in 

humans located in the enterochromaffin cells of the GI tract and regulating intestinal 

movements (154). It has been reported that bacterial flora in the intestines of the parasite 

nematode Ascaris suum alter serotonin levels in the host’s intestinal tissue when they 
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become pathogenic (155). Research on the physiological effects of selective bacterial 

colonization of germ-free mice revealed in vivo elevated concentrations of serotonin and 

its main metabolite, 5-hydroxyindoleacetic acid, indicating that gut microbiota influence 

production of mammalian compounds (156-157). Further, plasma serotonin levels are 

reported to be 2.8 times higher in conventional mice compared to germ-free mice (158). 

These observations demonstrate the influence of the microbiome on the host production 

of neurotransmitters such as serotonin, an interaction which has been termed microbial 

endocrinology (159). This interaction is of upmost importance because certain bacteria 

endogenously produce serotonin, including Rhodospirillum rubrum, Streptococcus 

faecabalis, and E. coli (160). To date, it is not well understood why these organisms 

produce serotonin, although serotonin has also been shown to stimulate culture growth 

and cellular aggregation in a variety of microorganisms (160-162). Previous reports 

speculated that serotonin acts as an intercellular communication agent to accelerate and 

synchronize microbial populations (163). In bacteria, when populations reach a specific 

threshold, they communicate with organisms in their surroundings by releasing small 

diffusible molecules, autoinducers, in a process known as quorum sensing, QS (164). As 

previously hypothesized for serotonin’s role in microbial populations, QS molecules 

(QSMs) are involved in the synchronization of the behavior of microbial systems and are 

responsible for many phenotypes of bacteria such as biofilm formation, expression of 

virulence factors, and light production, to name a few (165). These studies combined led 

us to hypothesize that serotonin may have a Janus-type behavior, acting both as a host’s 

endogenous neurotransmitter and bacterial signaling molecule. To evaluate our 

hypothesis we performed a series of studies that demonstrate serotonin’s participation in  
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bacterial quorum sensing and its ability to modulate quorum sensing behaviors, leading to 

well established bacterial quorum sensing phenotypes such as elastase production and 

biofilm formation (Figure 2.1). 

 

Figure 2.1. Over 90% of serotonin is produced in the gastrointestinal tract by 
enterochromaffin cells. Serotonin is able to dose-dependently bind to and activate 
regulatory proteins involved in bacterial quorum sensing and initiate the transcription of 
genes involved in the pathogenic response such as biofilm formation. This finding has 
implications in human disease and may lead to novel strategies for treatments of bacteria-
related disease. 
 

2.2 Materials and Methods 

2.2.1 Plasmids and Bacterial Strains  

  For the whole-cell bioassays, E. coli DH5α cells harboring pSB1075 and pSB904, 

for LasR and RhlR production, respectively, and the expression vectors for QscR, 

pJN105Q, and PA1897-lacZ, pJL101(166) were used. Native P. aeruginosa strain PAO-1 

and the lasI and rhlI double mutant, JP2, were supplied by Dr. Johanna Schwingel.  

2.2.2 Reagents 

Serotonin, Luria-Bertani (LB) Broth, gentamycin, tris base, dimethyl sulfoxide 

(DMSO), Costar white 96 well plates, and N-3-oxo-acylhomoserine lactone, N-butyryl-

homoserine lactone, 1% crystal violet solution, and elastase were purchased from Sigma 

Aldrich (St Louis, MO). FilmTracer FM 1-43 biofilm stain was purchased from Life 

 

Serotonin 

  
  

Quorum Sensing 

Biofilm Formation 
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Technologies (Grand Island, NY). Petri dishes and poly-L-lysine coated slides were 

purchased from VWR (Radnor, PA). The chemiluminescent substrate for β-galactosidase, 

the Beta-Glo kit, was obtained from Promega (Madison, WI) and used as suggested by 

the manufacturer. All solutions were made with Milli-Q purified water.  

2.2.3 Apparatus  

Chemiluminescence measurements were made on a BMG Labtech PolarStar 

Optima microplate luminometer (Ortenberg, Germany). All experiments were conducted 

at room temperature unless otherwise specified. All luminescent intensities are reported 

as the average of a minimum of three replicates that are blank subtracted and are 

expressed in relative light units (RLU). Fluorescent images were obtained using a 

FluoView FV10i Olympus Confocal microscope using a 63x oil immersion lens (Center 

Valley, PA). All data were graphed using GraphPad Prism 5.0 (La Jolla, CA). 

2.2.4 Dose-response Curve for LasR 

Glycerol stocks of E. coli DH5α cells harboring the pSB1075 plasmid for LasR 

were used to inoculate 5 mL LB broth containing 100 µg/mL ampicillin overnight at 37 

°C with shaking at 250 rpm. This overnight culture was transferred to a 250 mL flask 

containing 50 mL of LB broth containing 100 µg/mL ampicillin and grown at 37 °C until 

the OD600 reached between 0.4-0.6. Then, an aliquot of 90 µL of the culture was added to 

wells of a 96-well microtiter plate.  A standard curve for N-3-oxo-C12-HSL, ranging 

from from 10-3 to 10-9 M, was prepared in DMSO by serial dilutions of a freshly prepared 

1 x 10-2 M of N-3-oxo-C12-HSL stock solution.  From these dilutions, standard solutions 

of concentrations ranging from 1 x 10-3 to 1 x 10-10 M were obtained by serial dilutions in 

distilled, deionized water.  A 1% solution of DMSO in distilled, deionized water was 
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used as a blank. This percentage of DMSO was not found to be toxic for the sensing 

cells. This was also the method used to prepare serial dilutions of melatonin.  A 1 x 10-2

2.2.5 Dose-Response Curve for QscR  

 

M stock solution of the compounds from the tryptophan metabolic pathway was also 

prepared in 50 mM Tris, pH 7.5 for tryptophan, serotonin, and 5-hydroxytryptophan.  To 

each well containing 90 µL of the sensing cells, 10 µL of each standard was added in 

triplicate. The microtiter plates were then incubated on an orbital shaker at 175 rpm, 37 

°C for 2 h. After the incubation period, 100 µL of the β-Glo reagent was added to each 

well and incubated at room temperature for 30 min. The induced luminescence intensity 

was then measured using the microplate reader. The results were plotted using the 

software GraphPad Prism 5. The assay for determining the effect of serotonin on the 

RhlR system was performed as described above but with E. coli DH5α cells harboring 

plasmid pSB409. 

Glycerol stocks of E. coli DH5α cells harboring plasmids pJN105Q and pJL101 

were used to inoculate 5 mL LB broth containing 20 µg/mL gentamycin overnight at 37 

°C with shaking at 250 rpm. This overnight culture was transferred to a 250 mL flask 

containing 50 mL of LB broth containing 20 µg/mL gentamycin and grown at 37 °C until 

the OD600 reached 0.4. For QscR expression, an aliquot of 100 µL of a 20% arabinose 

solution was added to the culture. Then, an aliquot of 90 µL of the culture was added to 

wells of a 96-well microtiter plate.  A standard curve for N-3-oxo-C12-HSL, ranging 

from from 10-3 to 10-9 M, was prepared in DMSO by serial dilutions of a freshly prepared 

1 x 10-2 M of N-3-oxo-C12-HSL stock solution.  From these dilutions, standard solutions 

of concentrations ranging from 1 x 10-3 to 1 x 10-10 M were obtained by serial dilutions in 
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distilled, deionized water.  A 1% solution of DMSO in distilled, deionized water was 

used as a blank. This percentage of DMSO was not found to be toxic for the sensing 

cells. A 1 x 10-2

2.2.6 Effect of Serotonin on N-3-oxo-C12-HSL Response  

 M stock solution of serotonin was also prepared in 50 mM Tris, pH 7.5.  

To each well containing 90 µL of the sensing cells, 10 µL of each standard was added in 

triplicate. The microtiter plates were then incubated on an orbital shaker at 175 rpm, 37 

°C for 2 h. After the incubation period, 100 µL of the β-Glo reagent was added to each 

well and incubated at room temperature for 30 min. The induced luminescence intensity 

was then measured using the microplate reader. The results were plotted using the 

software GraphPad Prism 5.  

Studies were performed to determine the competitive nature of serotonin binding 

to the LasR protein. The cells were grown to an OD600 of 0.4 and aliquots of 90 µL of the 

cells were transferred into the wells of a 96-well microtiter plate. Standard solutions of N-

3-oxo-C12-HSL, ranging from 1 x 10-4 to 1 x 10-10 M, were prepared in 10% DMSO 

either in the absence of or containing 1 × 10-3 M, 1 × 10-4 M, or 1 × 10-5

2.2.7 Effect of N-3-oxo-C12-HSL Response on Serotonin 

 M serotonin 

Ten microliters of the standard solutions were added to the cells in triplicate. The assay 

was performed as described above and a dose-response curve was generated using 

GraphPad Prism 5.0. 

  After identifying the concentration of N-3-oxo-C12-HSL which serotonin can 

compete, studies were performed to determine the effects of the QSM on LasR response 

to serotonin. The cells were grown to an OD600 of 0.4-0.6 and 90 µL of these cells were 

aliquoted into the wells of a 96-well microtiter plate. Standard solutions of serotonin, 
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ranging from 1 × 10-4 M to 1 × 10-6

2.2.8 Elastase Studies  

 M, were made in the absence or presence of 0.1 nM 

N-3-oxo-C12-HSL in 10% (v/v) DMSO. Ten microliters of each standard solution were 

added to the wells in triplicate. Measurements were performed as described above and a 

dose-response curve was generated using GraphPad Prims 5.0. 

Elastase production was measured using a previously established protocol with 

minor adjustments (167). P. aeruginosa PAO-1 cells and JP2 cells were grown overnight 

in LB broth at 37 °C and 250 rpm. The cells were then diluted to an OD600 of 0.05 in 

fresh LB broth and incubated in the presence of either N-3-oxo-C12-HSL or serotonin for 

16 h at 37 °C and 250 rpm. After incubation, the OD600 of the cells was measured and 

they were centrifuged to separate the cells from the supernatant. The supernatant was 

then added to tubes containing 5 mg of elastin Congo Red and 1 mM CaCl2 and 

incubated overnight at 37 °C and 250 rpm. The reaction was then quenched with EDTA 

and the tubes were then centrifuged to remove unreacted Congo red-elastin and the 

absorbance of the supernatant was measured at 495 nm. All absorbance values were 

normalized to the OD600

2.2.9 Biofilm Formation 

 values in order to correct for the variations of cell growth. 

  P. aeruginosa strain PAO-1 and JP2 were grown overnight in LB broth at 37 °C 

and 250 rpm. The culture was then diluted 100-fold in M9 minimal media supplemented 

with 0.5% (w/v) casamino acids, 11.1 mM glucose, and 1 mM MgSO4

 

. Next, 1.0 mL 

solutions of cells containing either the analytes or the appropriate blanks were prepared 

according to table 2.1. 
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Table 2.1. Combinations of analytes for biofilm and elastase studies. 

N-butyryl HSL N-3-oxo-C12-

HSL 

serotonin 1% DMSO 50 mM Tris, pH 

7.5 

100 µL 100 µL 100 µL none none 

100 µL 100 µL none none 100 µL 

100 µL none none 100 µL 100 µL 

none 100 µL 100 µL 100 µL none 

none 100 µL none 100 µL 100 µL 

none none none 200 µL 100 µL 

none none 100 µL 200 µL none 

  

Then, 200 µL of each solution was placed on poly-L-lysine coated microscope slides 

which was then placed in 100 mm petri dishes. A humidity chamber was created by 

placing a 35 mm petri dish filled with 5 mL of water in the larger dish and sealing with 

parafilm. The dishes were then incubated at 37 °C for 16 h without shaking. After 

incubation, the slides were gently washed with Milli-Q purified water and 200 µL of 

FilmTracer FM 1-43 stain was added to each slide and incubated in the dark for 30 min. 

The slides were then washed with Milli-Q purified water and covered with a cover slip. 

Fluorescent images of the formed biolfilms were captured on a FluoView FV10i confocal 

microscope using an FITC filter and a 63x oil immersion lens.  
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2.2.10 Crystal Violet Biofilm Studies 

 P. aeruginosa strain PAO-1 and JP2 were grown overnight in LB broth at 37 °C 

and 250 rpm. The culture was then diluted 100-fold in M9 minimal media supplemented 

with 0.5% (w/v) casamino acids, 11.1 mM glucose, and 1 mM MgSO4

2.3 Results and Discussion 

. The solutions 

were prepared as described in Table S1. Next, 125 µL of each dilution was added in 

triplicate to the wells of a 96-well flat bottomed, white microtiter plate. The plate was 

then covered and incubated overnight at 37 °C in a humidity chamber. After incubation, 

the plates were inverted to remove any non-adhering cells. The plate was then washed 

three times by submerging the whole plate into container filled with double distilled, 

deionized water and inverting after each wash. Then, a 0.1% (w/v) aqueous solution of 

crystal violet was added to each well and incubated for 15 min at room temperature. The 

plates were then washed three times, as described above, to remove any excess crystal 

violet. After drying overnight in open air at room temperature, 125 µL of a 30% acetic 

acid solution was added to each well and incubated 15 min to dissolve the crystal violet. 

The resultant solution was transferred to a clear, flat bottomed microtiter plate and the 

absorbance was measured at 550 nm using an absorbance reader. (PolarStar Optima). All 

values were blank subtracted using 30% acetic acid as the blank.  

To examine the effects of serotonin on bacterial communication, we employed a 

cellular system that, upon action by bacterial QSMs, elicits a response that can be 

measured by production of bioluminescence by the cells. Specifically, we employed E. 

coli JM109 cells harboring plasmid pSB1075, which encodes for the P. aeruginosa QS 
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regulatory protein LasR and contains the luxCDABE reporter gene cassette under the 

control of the promoter PlasI 110( ). Only when a signaling molecule is present, it binds to 

the ligand-binding domain of LasR, causes a conformational change in the protein, and 

initiates transcription of the lux cassette encoding for luciferase. The bioluminescence 

generated is related to the amount of signaling molecule present and capable to bind to 

LasR. Based on this principle, a dose-response curve was generated using the P. 

aeruginosa’s las system cognate QSM, N-3-oxo-C12-HSL, which helped validate the use 

of our cellular system in determining dose-response effects of molecules on the bacterial 

communications circuitry (Figure 2.2A). We then investigated our hypothesis that 

serotonin interferes with bacterial signaling by employing LasR regulatory system 

described above. It was found that serotonin reproducibly elicited a response from the 

bacterial cells starting at µM levels (Figure 2.2B). It is important to note that 

physiological concentrations of serotonin in the digestive tract, 10 µM (168), are able to 

activate the LasR quorum sensing network. Further, it has been reported that serotonin 

levels in the GI tract of patients with IBS, a condition in which bacteria are implicated 

(169), are ~ 100 µM (170), which corresponds to the serotonin levels eliciting a response 

mirroring that of the bacterial QSM N-3-oxo-C12-HSL. 

 Although the aforementioned experiments demonstrated that serotonin was able 

to trigger a response and, thus, presumably bind to and activate LasR, the nature of their 

interaction was still unclear. Further, in the gut serotonin co-exists with bacterial QSMs 

and therefore, it is important to determine how the presence of both molecules affects 

activation of LasR. To better understand the interaction between serotonin and the 

bacterial communication circuitry in the presence of the native QSM ligand, we  
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 Figure 2.2. Activation of the LasR QS pathway by (A) Dose-response curve for N-3-
oxo-C12-HSL of E. coli cells harboring pSD202. Subset is the luminescence of 1 µM, 
0.01 µM, 0.1 nM, and a blank (left to right) taken using an IVIS instrument. The insert 
shows bioluminescence obtained from IVIS in eppendorf tubes containing 1 mL of 
sensing cells incubated for 2 h in the presence of varying concentrations of QSM. The 
concentration of analyte in the tubes are, left to right, blank, 0.1 nM, 0.01 µM, and 1 µM 
N-3-oxo-C12-HSL. (B) Dose-response curve for serotonin. Serotonin is able to activate 
the LasR regulatory protein down to µM concentrations. Subset shows the luminescence 
obtained using an IVIS instrument from the blank (far left) to 100 µM (far right), using 
the same concentrations shown in the graph. (C) The concentration of QSM was kept 
constant at 0.1 nM and incubated in the presence of various serotonin concentrations. The 
red bars represent the signal generated from serotonin in the presence of 0.1 nM QSM. 
The blue bars represent signal generated from serotonin in the absence of the QSM. The 
signal is enhanced in each concentration when serotonin is in the presence of 0.1 nM 
QSM as compared to serotonin alone. (D) Serotonin is able to elicit a response in E. coli 
cells which employ QscR as the regulatory protein. Data shown are an average of 
triplicates ± one standard deviation. 
 

conducted studies where the concentration of QSM was varied and a constant 

concentration of 100 µM serotonin was added to the cells. This concentration was chosen 

because it is within the physiological concentration of serotonin in the gut. At this 
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serotonin concentration and in the presence of 0.1 nM QSM, the signal intensity 

generated by the bacteria was higher than that emitted by the sensing bacteria with 0.1 

nM QSM alone. This suggests that serotonin may be an agonist for LasR induction, albeit 

with a lower affinity than that of the cognate QSM. Based on the previous study, we 

tested our system by keeping the concentration of QSM constant (0.1 nM) and varying 

the serotonin concentration. The signal intensity increased for each concentration tested 

in the presence of the QSM as compared to serotonin alone (Figure 2.2C). Interestingly, 

at levels below 1 µM serotonin, the signal intensity was higher than that normally found 

when only serotonin was present and equivalent to the signal generated by 0.1 nM QSM 

alone. These results indicate that when serotonin and QSM co-exist, they bind to and 

activate the bacterial LasR circuitry in an additive manner.  

Due to the difficulty expressing and purifying soluble LasR, to date only the 

crystal structure of the ligand binding domain in the presence of the cognate ligand has 

been solved (120). In addition, removal of the cognate ligand after expression is difficult, 

making it challenging to perform binding studies with other molecules. Therefore, we 

employed another quorum sensing regulatory system based on QscR, which is known to 

bind to LasR’s QSM, N-3-oxo-C12-HSL (171). Since these regulatory proteins bind the 

same QSM, we investigated the specificity of the binding of serotonin to QscR by 

employing cells harboring an expression vector for QscR and β-galactosidase under 

control of the QscR promoter DNA sequence. Figure 2.2D shows that serotonin was able 

to elicit a response as in the LasR system from the QscR-based system down to µM 

levels. The P. aeruginosa quorum sensing network also consists of the rhl pathway which 
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is not regulated by N-3-oxo-C12-HSL, but regulated by short chain QSMs and is 

responsible for rhamnolipid biosynthesis (172). Serotonin did not elicit a response with a 

 

 

Figure 2.3. Serotonin does not activate RhlR. The P. aeruginosa quorum sensing 
network also consists of the rhl pathway which is regulated by short-chain QSMs and is 
responsible for rhamnolipid biosynthesis (172). To probe if serotonin had any effects on 
this pathway, a second set of cells were used that contained pSB406, a plasmid encoding 
for the QS regulatory protein RhlR and the luxCDABE reporter gene cassette under the 
control of PrhlI 110( ). When the cells were incubated with various concentrations of 
serotonin, no signal above the background was observed, indicating that serotonin is 
selective for the las QS pathway. 

 

RhlR-based system based on rhl pathway (Figure 2.3). Further, other molecules in the 

tryptophan metabolic pathway were unable to reproducibly elicit a response in the las-

based whole-cell sensing system, demonstrating the selectivity of the Las system for 

serotonin (Figure 2.4).  

Whole-cell based sensing systems are ideal to demonstrate selectivity of a protein 

for a specific molecule, but involve over-expression of the regulatory protein and, 

therefore, may not accurately depict the concentration of protein in the native organism, 

potentially overestimating the real in vivo interaction. To elucidate the phenotype effects 

of serotonin on the las quorum sensing pathway in the native organism we employed the 

JP2 strain of P. aeruginosa lacking the synthase for the cognate compound of this circuit  
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Figure 2.4. Selectivity of the las QS system for serotonin. We examined the selectivity of 
our QS system for serotonin over a number of structurally similar molecules found in 
physiological samples. Given that serotonin is one of the products of the tryptophan 
metabolism as are N-acetyl-5-OH tryptophan, tryptamine, and melatonin, we decided to 
investigate the potential interaction of all of these compounds with the QS circuitry (156).  
None of these compounds elicited a response from our sensing cells in a reproducible 
manner. This finding, however, is not surprising as previous studies have demonstrated 
that very small structural changes in synthetic quorum sensing agonists, such as changing 
a hydroxyl group to a keto group, can drastically reduce agonistic activity of molecules in 
the P. aerugniosa las quorum sensing system (173). 
 

(174) and evaluated elastase synthesis and biofilm formation, two functions depended on 

the las QS circuit and facilitated by the Zn2+ 172 metalloprotease, LasB ( , 175). Elastase 

has been implicated in P. aerugionsa-related keratitis, pneumonia, and burn infections in 

humans (176) and linked to biofilm formation. Elastase synthesis was examined by  
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 Figure 2.5. P. aeruginosa JP2 cells, which lack the synthases for the cognate QSMs, 
were employed to determine if serotonin is able to activate QS gene regulation in the 
native organism. (A) Cells were incubated in buffer, 1 µM N-3-oxo-C12-HSL, or 100 µM 
serotonin overnight. The elastase activity was determined by measuring the absorbance at 
495 nm upon addition of elastin-Congo red to the culture supernatant. All data were 
normalized according to the OD600

 

 of the culture. Both serotonin and N-3-oxo-C12-HSL 
were able to activate elastase synthesis in P. aeruginosa JP2 cells. Data shown are an 
average of triplicates ± one standard deviation. Virulence factor assays were performed 
for (B) alginate and (C) proteases in the absence and presence of serotonin. 

incubating cells overnight in the absence of any compound (control), and in the presence 

of QSM or serotonin. The elastase activity was then quantified by following established 

methods (172). As shown in Figure 2.5A, it was found that control cells had negligible 

activity, while 1 µM exogenous QSM and 100 µM serotonin showed a significant 

increase in elastase activity, thus indicating the ability of serotonin to activate the las 
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quorum sensing pathway and facilitate elastase production. Wild-type PAO1 cells, which 

are able to produce QSMs endogenously, were used as a positive control for the assay. 

Alginate synthesis, an important extracellular component of P. aeruginosa biofilms 

(177), also increased in the presence of serotonin in both JP2 and PAO1 cells (Figure 

2.5B). Protease synthesis, which has been shown to enhance the long-term association of 

P. aeruginosa to cystic fibrosis lungs (178), also increased in the presence of serotonin 

(Figure 2.5C).  

Bacterial biofilms are the cause of on-set of pathogenicity in the hosts. The 

formation of bacterial biofilms is controlled by quorum sensing, and therefore, we 

investigated the effect of serotonin on this process. Given that biofilm formation is 

dependent on the las quorum sensing pathway (175) and our demonstration of the 

activation the las circuitry by serotonin, we hypothesized that serotonin could trigger 

biofilm formation. To examine our hypothesis, we employed the JP2 cell strain that lacks 

the ability to produce its own las QSM. Biofilm formation was evaluated in the absence 

of any compound (control), and in the presence of QSM or serotonin (Figure 2.6A). As 

demonstrated in panel 1 (top), the JP2 cells were unable to form complete biofilms in the 

absence of external QSMs. Panel 1 (bottom) shows that in the presence of serotonin, the 

biofilm formation increases. Panel 2 (top) shows the biofilm growth in the presence of N-

butyl-homoserine lactone, which is more dense than JP2 alone but not as dense as the 

biofilm in the presence of N-3-oxo-C12-homoserine lactone (Panel 3, top). Upon the 

addition of serotonin in each case, however, the biofilm formation increases as shown by 

the bottom panel in each pair. SEM imaging was also performed and similar results were 

found (Figure 2.6B). Further, we employed a crystal violet biofilm assay to quantify our 
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data. Figure 2.7 shows that the biofilm formation of the JP2 strain in the presence of 

serotonin is significantly greater than that of JP2 alone. Our results demonstrated that, 

indeed, exogenous QSM and serotonin were able to trigger the formation of biofilms that 

resemble those of natural pathogenic bacterial processes. We also examined two 

phenotypes of P. aerugionsa, swarming and lipopolysachharide (LPS) production, which 

are not dependent on the las pathway and thus, quorum sensing independent in this 

particular communication circuit (174, 179). As expected, upon addition of serotonin we 

did not observe any changes in either of both phenotypes (data not shown).  

2.4 Conclusions 

The abundance and diversity of our microbiome necessitates an in-depth 

understanding of the effect that chemical signaling molecules native to their human host, 

such as serotonin, cause on the normal microbiome behaviors. To the best of our 

knowledge, this is the first study demonstrating that the mammalian neurotransmitter 

serotonin can activate bacterial quorum sensing. Serotonin in the absence of QSMs is 

able to activate LasR when present at micromolar levels. Previous studies have shown 

that serotonin is present at micromolar levels in the urine and plasma of individuals (180) 

and even at higher levels in the GI tract (168), indicating that, at physiological 

concentrations, serotonin may be able to impact the quorum sensing circuitry. Further, 

our studies point out at cooperativity between serotonin and the cognate quorum sensing 

molecule to enhance quorum sensing behavior. Serotonin recognition by the QSM 

regulatory circuit appears to be selective since other molecules involved in the tryptophan 

metabolic pathway, the pathway in which serotonin is synthesized in vivo, are unable to 

elicit a quorum sensing response. Serotonin is also able to induce the production of 
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elastase and biofilm formation, two quorum-dependent phenomena. These data suggest 

that serotonin can potentially impact the human microbiome through interactions with the 

bacterial quorum sensing circuitry. To date, studies have only demonstrated a link 

between serotonin and the microbiota and have not taken the next step to understand the 

mechanism by which serotonin may be able to affect the microbiota. Our work 

demonstrates that serotonin interacts with the quorum sensing circuitry of bacteria and, 

thus, it has a Janus-type behavior and acting both as a neurotransmitter in the host and 

serving as a signaling molecule in bacterial communications. The newly found Janus 

nature of serotonin points out at a complex behavior that may shift the signaling of 

serotonin from to the host to the bacterial population and vice versa. To shed light into 

the mystery of the host-microbiome interactions, further studies are needed to elucidate 

the conditions that trigger for serotonin to choose to behave as a signaling molecule for 

the host or bacteria. Such knowledge will help in better understanding the equilibrium 

between the host and the microbiome. Consideration of the Janus role of serotonin along 

with the pathogenicity of bacteria to the host could lead to paradigm shifting therapeutic 

implications in the treatment of bacterial-related diseases or diseases that have a heavy 

bacterial component. 
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Figure 2.6. Serotonin effect on biofilm formation. (A) P. aeruginosa JP2 cells were used 
to grow static biofilms on poly-L-lysine coated glass slides in the absence or presence of 
QSMs and serotonin. JP2 cells (1, top panel) are unable to form biofilms without the 
addition of exogenous QSMs. Biofilm formation increases upon the addition of 50 µM N-
butyryl-homoserine lactone (2, top panel) or 1µM N-3-oxo-dodecanoyl-homoserine 
lactone (3, top panel). Further, in all three cases, the addition of 1 mM serotonin increases 
biofilm formation when compared to the JP2 cells in the absence or presence of each 
individual QSM. (B) SEM images were also taken of poly-L-lysine coated glass slides in 
the presence or absence of serotonin. Panel 1 shows the incomplete biofilms formed by 
JP2 cells. Panel 2 shows the production of biofilms by JP2 in the presence of serotonin. 
Panels 3 and 4 show the biofilm formation of PAO1 in the absence and presence of 
serotonin, respectively. Panels 5 shows biofilm formation of JP2 in the presence of N-
butryl-HSL. Panels 6 and 7 show biofilm development of JP2 in the presence of N-3-oxo-
C12-HSL in the absence and presence of serotonin, respectively. Panel 8 shows the 
biofilm development of JP2 in the presence of both QSMs and serotonin.  
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 Figure 2.7. Crystal violet biofilm assay of JP2.. A crystal violet assay was also 
performed to determine biofilm formation. Cells were incubated overnight in a 96-well 
flat bottom microtiter plate at 37 °C. After washing and incubation with a 0.1% crystal 
violet solution, the adhered crystal violet was quantified at 550 nm. Results are an 
average ± one standard deviation (n=5). 
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Chapter 3. Genetically Encoded Biosensors in Diverse Organisms for Remote and in 
situ Detection 

 

 
3.1. Overview 

Nature has endowed us with biological recognition systems, specifically proteins, 

which are able to bind to their respective ligands with exquisite selectivity and sensitivity. 

One such class of proteins is bacterial regulatory proteins. These proteins have allowed 

bacteria to evolve and respond to environmental stressors by bestowing the bacteria the 

ability to initiate transcription in response to a specific stimuli and modify their metabolic 

pathways (181). An example of bacterial adaptation to survive in toxic environments, 

specifically in the presence of arsenic, is the emergence of the ars operon that forms a 

pump enabling bacteria to survive in arsenic environments (105). Advances in technology 

have allowed scientist to exploit these natural bacterial adaptations to create designer 

analytical detection systems for arsenic. One such example is the development of 

genetically encoded biosensing systems which are comprised of genetically engineered 

bacteria that harbor the ars operon. When the cells are in the presence of arsenic, the 

analyte permeates the cellular membrane and binds to ArsR causing a conformational 

change that allows for the release of ArsR from the promoter region, and hence the 

expression of genes that confer arsenic resistance as well as the expression of a protein 

capable of emitting a dose-response signal in the presence of arsenate. Genetically 

encoded biosensing systems have been exploited as analytical detection systems due to 

their unique advantages such as selectivity, ease of use, specificity, and batch-to-batch 
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reproducibility (106). However, they have other inherent concerns based upon the 

conditions required to develop a robust, reusable, on-site detection approach using a 

living system. By evolving these highly specific bioanalytical sensing systems, methods 

to address these limitations and advance their detection capabilities beyond point 

locations may be possible. In recent years, research has focused on evolving genetically 

encoded biosensing systems’ technology to meet above mentioned challenges by 

enhancing adhesion to platforms (182), adapting the systems to portable platforms (108, 

183), enhancing reusability of the sensors (184), and using genetically encoded 

biosensing systems as detection elements in higher organisms such as plants and rat 

intestines (185-186).  

While the versatility of genetically encoded biosensing systems has lent this 

technology as a tool for numerous applications, multiple stages of technological evolution 

focused on a single system have not yet been demonstrated. This is critically important in 

demonstrating the broad applicability of such technology to various platforms based upon 

a range of intended use, including point-of-care diagnostics and in-field applications. 

Herein, we demonstrate the technological evolution of a genetically encoded biosensing 

system based on the above described ars operon for the target species arsenic, a highly 

toxic compound, as recognized by the United States Environmental Protection Agency 

(187). Specifically, this study investigates the progression of a genetically encoded 

biosensing system from its intended use for analyte detection, portability, and long term 

storage in vitro to the incorporation of the sensor into a living organism. The system was 

initially validated using a genetically encoded biosensing system in bacterial cells 

containing the ars operon in a standard platform. After validation, the system was 
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employed for the detection of arsenic in soil and to detect organoarsenicals. To 

demonstrate the incorporation of genetically encoded biosensing systems to more 

economical and stable platforms, a paper-based system was designed for the sensing 

system. The genetically encoded biosensing system was sporulated to enhance its long-

term storage, stability, and allow for transport of the biosensing cells. The spores were 

then immobilized onto paper strips to demonstrate the ability of a sensor to be deployed 

on-site to detect environmental samples. To demonstrate the next level in the 

technological evolution of the genetically encoded biosensing system, it was integrated 

into a more complex organism, Caenorhabditis elegans, either via ingestion or through 

genetic modification, which was able to display a phenotype, fluorescence, in response to 

arsenic in real time. Taken together, this work demonstrates the directed evolution of a 

genetically encoded biosensing system technology from single-cell bacteria to a multi-

cellular organism for advanced and enhanced analytical detection on-site or in a 

laboratory. 

3.2. Materials and Methods  

3.2.1 Reagents  

The β-glo kit was purchased from Promega (Madison, WI). The paper-based 

platform was made from Whatman brand chromatography paper purchased from GE 

Healthcare (Piscataway, NJ). Arsenic compounds, X-gal (5-bromo-4-chloro-3-indolyl-β-

D-galactopyranoside), lysozyme, potassium phosphate, bacto nutrient broth, potassium 

chloride, magnesium sulfate heptahydrate, sodium hydroxide, malachite green, safranin, 

and agar were purchased from Sigma Aldrich (St. Louis, MO). Sodium arsenite was 

purchased from Ricca Chemical (Arlington, TX). The 96-well microtiter plates were 
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purchased from Costar (Corning, NY). LB Broth was purchased from EMD Chemicals 

(San Diego, CA). The PolarStar Optima used for microtiter plate assays was from BMG 

Labtech (Durham, NC).  

3.2.2 Plasmids and Bacterial Strains 

 For the experiments utilizing the microtiter plate, spores, or paper we employed 

Bacillus subtilis cells harboring plasmid p-MUTin-23. The plasmid p-MUTin-23 carried 

three genes (arsR, arsB, and arsC) that provide arsenic resistance and the β-galactosidase 

encoding reporter gene lac-Z under the control of the ArsR regulatory protein. This 

plasmid is contained in the B. subtilis bacteria strain ars-23 (188).  

3.2.3 Detection of Arsenic and Organoarsenicals in Microtiter Plates  

B. subtilis cells were grown overnight at 37 °C and 250 rpm in a cell culture tube 

containing 5 mL of autoclaved LB broth and 5 µL of erythromycin (25 mg/mL). The 

overnight culture was used to inoculate 50 mL of LB broth at a 1:10 volume ratio and 

also 50 µL of erythromycin. The culture was grown to an OD600 of 0.6-0.8. Analyte 

standard solutions were prepared at various concentrations ranging from 10-2 to 10-9

 

 M in 

Milli-Q purified water. Aliquots of 90 µL of LB cell suspension were transferred to the 

wells of a 96-well microtiter plate. A volume of 10 µL of arsenic solutions at various 

concentrations and Milli-Q purified water as a blank was added in triplicate to the cells. 

The microtiter plate was then incubated in an orbital shaker/incubator at 37 °C and 175 

rpm for 1 h. The plate was then removed and 50 µL of β-glo reagent was added. After 

incubating for 30 min at room temperature, luminescence signal was measured on the 

microplate luminometer. 
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3.2.4 Soil Extraction and Spiked Soil  

A 0.5 g sample of soil was weighed and suspended in 20 mL of 50 mM phosphate 

buffer in Milli-Q purified water. Solutions were shaken at room temperature and 300 rpm 

for 3 hours and then syringe filtered through 0.45 µm nylon filters. Soil samples of 0.5 g 

were spiked with 100 µL of a known concentration of sodium arsenite followed by 

shaking at room temperature and 300 rpm for 24 hours prior to extraction. 

3.2.5 Bacterial Spores  

Bacterial spores were prepared using standard protocols (189). Briefly, 5 mL 

cultures of the cells were used to inoculate 500 mL cultures of sporulation media (8 g/L 

bacto nutrient broth, 10% (w/v) KCl, 1.2% (w/v) MgSO4· 7H2O, adjust pH to 7.6 with 

NaOH) and incubated in an orbital shaker at 37 °C, 250 rpm for 48 h. The spores were 

then washed once with Milli-Q purified water and twice with a 1 M NaCl solution before 

a final wash in Milli-Q purified water. After washing, sporulation was confirmed using 

the Schaeffer-Fulton method for staining endospores and visualizing under a microscope. 

The spores were then diluted to an OD600 of 2.0 and stored in Milli-Q purified water until 

use. To perform the assay in the microtiter plate format, 90 µL of the spore suspension 

was added to each well of a 96-well microtiter plate. To each well, 10 µL of standard 

solutions of arsenite ranging from 1 x 10-3 M to 1 x 10-9 M prepared in Milli-Q purified 

water by serial dilution of a stock solution of 1 x 10-2 M sodium arsenite were added in 

triplicate to the plate. Milli-Q purified water was used a blank. The spores and analyte 

were incubated on an orbital shaker at 37 °C, 250 rpm for 2.5 h. Then, 50 µL of 

luminescent substrate was added to each well and allowed to incubate at RT for 30 min. 

The luminescence signal was measured on the microplate luminometer.  
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3.2.6 Detection on Paper with Vegetative Cells  

Paper-based platforms were designed on Adobe Photoshop CS6 in the dimensions 

of a standard 96-well microtiter plate. They were then printed onto sheets of cellulose 

filter paper using a wax-based printer. The printed designs were incubated at 110 °C for 

30 s, then flipped and left to cure for 30 s more. This step was to allow the wax to melt 

through the paper and create a hydrophobic barrier to prevent diffusion of liquids from 

the detection chamber.  For the microtiter plate paper-based assay, 45 µL of cells and 5 

µL of analyte or the appropriate blank solutions were added to each well. After 

incubating at room temperature for 1 h, 10 µL of 20 mg/mL lysozyme and 10 µL of 50 

mg/mL X-gal was added to each well. The lysozyme served to lyse the cells and release 

all the β-galactosidase for sensing while also providing a means for safe disposal of the 

paper-based platform by killing the cells. A color change was apparent in approximately 

30 min. After drying, a picture was taken of the paper-based assay. All images were 

quantitated by ImageJ software. The image was changed to an 8-bit type and was then 

inverted. Each well was encircled and analyzed according to the color inside.  

3.2.7 Detection on Paper Strips with Spores  

Spores diluted to an OD600 of 2.0 were mixed in a 1:1 volume ratio with a 

warmed 4% agar solution prepared in a 10 mM Tris-HCl pH 8.0 solution. Before cooling, 

20 µL of the suspension was spotted on strips cut from Whatman filter paper (0.6 x 4 cm) 

and cooled to solidify the agar and maintain the position of the spores on the paper strips. 

The strips were left at room temperature until use. Arsenite standards ranging from 1 x 

10-2 M to 1 x 10-9 M were prepared in Milli-Q purified water. A volume of 100 µL each 

of these standards was added to 900 µL of LB broth containing 12 mM Ca2+-dipicolonic 
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acid (DPA) in culture tubes. Milli-Q purified water was used as the blank. Paper strips 

which were previously prepared were added to the tubes and incubated at 37 °C and 250 

rpm for 3 h. The strips were then taken out of the tubes and 10 µL of lysozyme (20 

mg/mL) in double-distilled DI water and 10 µL of X-gal (50 mg/mL) in DMF were added 

to the spot on which the sensing cells were immobilized. Color development was carried 

out for 30 min. In addition to observing the development of the blue coloration, color 

intensities were measured using ImageJ software (NIH, Bethesda, MD) upon digital 

acquisition as previously described (108). The final color intensity signals were corrected 

with respect to the blank.  

3.2.8 Caenorhabditis elegans Assays 

3.2.8.1 Caenorhabditis elegans Strains and Culture Conditions 

The N2 (wild type) and SJ4001 (zcIs1 [aip-1::GFP] )strains were acquired from 

the Caenorhabditis

190

 Genetics Center (St. Paul, Minnesota). Nematodes were maintained 

on NGM agar (United States Biological Corporation, Swampscott, MA) plates seeded 

with E. coli OP50, which grows slowly on NGM media, as food at 20 °C ( ). 

Synchronization of nematode cultures was achieved by bleaching gravid hermaphrodites 

in a 20% sodium hypochlorite solution and overnight hatching in sterile liquid NGM 

media, then adding OP50 the next day (191). Prior to assay, C. elegans were washed off 

of NGM/OP50 plates with M9 medium, collected by mild centrifugation and rinsed three 

times in M9 to remove OP50. 
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3.2.8.2 Ingestion of aArsenite-Responsive Bacteria by Nematodes  

E. coli AW10 cells containing the plasmid pSD10 include the ArsR gene 

upstream of the GFPuv gene. Majority L4 adult nematodes were washed from 

NGM/OP50 plates, settled on ice to collect and washed twice with M9. They were then 

transferred to 10 cm NGM plates containing an 8 hr at RT (to allow the surface to dry) 

culture of pSD10/AW10 E. coli, which grew at a normal rate on NGM media. The 

pSD10/AW10 cells have been shown to be selectively responsive to arsenite and 

antimonite (192) and fluoresce at 507 nm when exposed to either of the metal salt 

solutions for 30 min at 37 °C at sub-millimolar concentrations. 

3.2.8.3 Preparation of Arsenite Standards  

A 0.1 M solution of sodium arsenite was purchased from Ricca Chemical Co. 

(Arlington, TX). Arsenite solutions were prepared as serial dilutions ranging from 1 x  

10-3 M to 1 x 10-10

3.2.8.4 Arsenite Exposure  

 M in sterile M9 medium, plus a control sample of M9 medium only. 

Nematodes that were fed pSD10/AW10 overnight were collected by washing 

plates with M9, allowing worms to settle on ice, and briefly centrifuging at 1,000 rpm to 

wash away bacteria. For imaging: a 50 uL “bubble” of arsenite in M9 or M9 only 

(control) was placed into each well of 2, 12-well plates for 3 replicates of each 

concentration. Five microliters of nematodes in M9 were added to each arsenite bubble, 

such that each sample had between 10- 30 worms available for imaging after a 2 h 

incubation at RT. For microtiter plate assay: 50 uL of the nematodes in M9 solution and  
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50 uL of arsenite in M9 or M9 only were added to each well of a 96-well black, clear-

bottom plate. Each well contained approximately 100 nematodes. Plates were shaken at 

50 rpm for 2 h prior to fluorescence measurement. 

3.2.8.5 Fluorescence Measurements  

Worms were imaged in the 12-well plates using a Nikon Eclipse T10 

Epifluorescent Microscope (Melville, NY) and using an iPhone 4.0 with a Magnifi 

adapter from Arctus Labs (Palo Alto, CA) for image collection. Images were acquired 

using identical settings and exposure times to allow direct comparisons. The 96-well 

plate was shaken at 100 RPM at RT for 2 h before reading the fluorescence signal on a 

FluoStar Optima spectrofluorimter (BMG Labs) using an exciation wavelength of 410 

nm and an emission wavelength of 510 nm.  

3.3 Results and Discussion 

Genetically encoded biosensing systems have proven to be versatile tools for the 

detection of a variety of analytes which are environmentally or biologically relevant. The 

innate stability, ability of the sensor to give information about bioavailability, and the 

amenability of genetically encoded biosensing systems to a variety of platforms makes 

them an ideal tool for analysis. To date, there has been no study presenting the versatility 

of a single genetically encoded biosensing system. To this end, we have employed a 

genetically encoded biosensing system for arsenic based on the Ars operon from B. 

subtilis cells to demonstrate the applicability of these systems for versatile sensing, 

starting with the bacterial whole-cell biosensor and advancing to a multi-cellular 

organism. The Ars operon consists of four genes: arsA, arsB, arsC, and arsR. The arsA 

gene encodes for ArsA, which is a membrane-linked protein that exhibits 
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arsenite(antimonite)-stimulated ATPase activity and is responsible for providing energy 

for the protein pump via ATP hydrolysis (193). ArsB, encoded by the arsB gene, is a 

hydrophobic membrane protein that pumps As(III) out of the cells using an 

electrochemical gradient (194). However, ArsB is only able to efflux As(III) out of the 

cells, thus another gene, arsC, encodes for a small cytoplasmic reductase protein, ArsC, 

responsible for the reduction of As(V) to As(III) so it can be removed by the ArsB pump 

(195). ArsR is the regulatory protein which binds to the operator/promoter region of the 

ars operon. When oxanions are present in the cell, they bind to ArsR causing a 

conformational change and subsequent dissociation of ArsR from the promoter region to 

begin the transcription of the genes necessary for arsenic resistance (105).  

Initially, the genetically encoded biosensing system was incorporated into B. 

subtilis cells and incubated with sodium arsenite in a traditional 96-well microtiter plate 

format to establish the analytical characteristics of the sensor for comparison after 

implementation onto different platforms. The cells were incubated in the presence of 

varying concentrations of analyte for 1 h at 37 °C. The limit of detection was determined 

to be 3.2 x 10-8

146

 M (Figure 3.1). This limit of detection was then used as a baseline to 

determine the effects that changing the platform has on the characteristics of the sensor. 

The first step in the technological evolution of the biosensor was to test it on 

environmental samples. Date et al. have shown previously that the sensor can be used to 

detect arsenic in complex matrices such as human blood serum and fresh water ( ). To 

date, however, this sensor has not been employed for the detection of arsenic in soil, 

which is a common site of environmental arsenic contamination (88). While the EPA has 

set guidelines for arsenic in drinking water (196), such standards do not exist for arsenic 
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in soil. Multiple methods for arsenic extraction from soil have been established, though 

many depend upon high performance liquid chromatography (HPLC) as their method of 

detection (197-199). These HPLC-based methods focus on preserving arsenic species  

 

Figure 3.1. Detection of arsenite using Bacillus subtilis vegetative cells in a microtiter 
plate format. 

 

(arsenate, As[V] and arsenite, As[III]), which can complicate extraction procedures. 

HPLC detection requires expensive equipment, highly trained personnel, and lacks 

portability. To avoid these issues, we have employed our bacterial whole-cell based 

biosensor for arsenic detection in soil samples. Additionally, because the ArsC protein 

reduces inorganic As(V) to As(III), which can then bind the ArsR protein and generate a 

dose-dependent response, there is no need to preserve the arsenic species in our samples, 

eliminating time-consuming sample preparation steps. This bacterial whole-cell based 

biosensing system has the potential for on-site detection, which is paramount to people 

living in regions where arsenic contamination occurs.  
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In order to employ ArsR for soil samples, a method for arsenic extraction was 

developed and optimized based upon work by Georgiadis et al. (199). Various 

concentrations of phosphate buffer and extraction times were tested, leading to an 

optimized extraction buffer of 50 mM phosphate with a 3 h extraction at room 

temperature. To validate these parameters, soil samples were spiked with known 

concentrations of arsenite, extracted, assayed using ArsR, and then compared to standards 

(Figure 3.2A.). Four soil samples were collected from Guánica Bay, Puerto Rico to assay 

for arsenic. Guánica Bay, located on the southwest coast of the island, is a major 

watershed that has been greatly contaminated (200) and is under the watch of the EPA 

and other organizations (201-202). The watershed is a major source of nutrients to the 

bay and offshore waters, including a large offshore coral reef area. Amongst other 

sources of contamination, there are two large factories, one of which produces fertilizer, 

as well as agricultural fields, with runoff into the bay. These pollutants have caused harm 

to the coral reefs, as well as posing a potential hazard to inhabitants of this region (200). 

Of the four soil samples collected, one sample (#3) tested positive for arsenic (Figure 

3.2B) and the concentration was found to be 6.33 x 10-8 M for the 20 mL extraction 

solution or approximately 1.26 x 10-9 

Previous work in our laboratory has demonstrated that the sensor is able to 

selectively detect arsenate, arsenite, and antimonite (

moles of arsenic for every 0.5 g of soil. This sample 

was then sent out for ICP-MS and it was found to contain 0.800 mg/kg, indicating a 40% 

yield. Although this yield is low, it is important to note that ICP-MS detects all arsenic 

species present in the sample while the sensor only detects arsenic (III) or (V) species. 

188); however, the sensor has never 
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 Figure 3.2. Detecting arsenic in soil samples. A) Spiked soil samples (gray) were 
extracted and compared to standards (white). B) Soil samples from Guanica Bay, Puerto 
Rico were extracted and assayed with the genetically encoded biosensing system. Sample 
#3 has an interpolated value of 6.33 x 10-8

 

 M. In both captions, the yellow line indicates 
the limit of detection which is defined by the average of the blank plus three standard 
deviations. Data are blank subtracted and the average ± 1 SD. 

been employed to test other arsenic containing molecules such as organoarsenicals. 

Organoarsenicals are employed in various industries and due to the widespread use of the 

compounds and their persistence in nature, their detection is important. To this end, we 

employed our sensor for the detection of various organoarsenicals or the degradation 

products of these compounds. For example, in Figure 3.3A we demonstrate the detection 

of a phenylarsenite, p-arsenilic acid, which is used to promote growth in animal 

husbandry. Additionally, we are able to detect the byproducts for the degradation of 

roxarsone, a second phenylarsenite. It is first degraded to 4-OH-3-aminophyenyl arsonic 

acid and eventually to As(III) (203-205), which is detectable by our sensor (Figure 3.3B). 

As(III) is also a product of the hydrolysis of a chemical warfare agent, 2-

chlorovinyldichloroarsine (Lewisite) and the degradation product of a pesticide, 

methylarsenate (205-206). Disodium methyl arsenate (DSMA) is an herbicide and was 

able to be detected by our whole-cell biosensor (Figure 3.3B). Although each of these 

compounds have differing detection limits and elicit different signal intensities, each 
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species or a by-product of these species are able to induce a response in our sensor. The 

range of concentrations which elicited a response from the sensor for each 

organoarsenical or by-product of organoarsenicals is shown in Figure 3B. Previous 

studies have shown that a system employing the ArsR protein has demonstrated the 

ability to tune a genetically encoded biosensing system to be selective for one class of 

arsenic containing analytes over another (88). Additionally, studies have been ongoing to 

isolate bacterial enzymes responsible for the oxidation and reduction of organoarsenicals, 

which can be implemented in genetically encoded biosensing systems for the detection of 

both inorganic and organic arsenic species (207). 

The portability of a genetically encoded biosensing system can be enhanced by 

amending it to fit on a platform which is miniaturized, portable, and allows for high 

throughput analysis for the low-cost detection of analytes on-site. Previously, the 

genetically encoded biosensing system mentioned herein has been employed on a 

portable centrifugal microfluidic platform for the detection of arsenite in both serum and 

freshwater samples (183). However, there is still a need to successfully perform analysis 

on-site in areas which lack resources for expensive equipment. In recent years, paper-

based platforms have evolved as ideal tools for on-site detection of analytes which are 

relevant to environmental and biomedical applications (208). Paper has many benefits as 

compared to other materials for portable devices in that it is inexpensive, easily 

disposable, and different designs can be created and applied to the paper. The design on 

paper platforms can be printed using many different methods such as PDMS printing, 

photolithography, and inkjet etching, to name a few (209-213). One of the most 

promising methods is the use of wax patterning in which hydrophobic barriers are 
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Figure 3.3. Detection of organoarsenicals using B. subtilis cells harboring plasmid 
pMUTin-23. A) Detection of p-arsanilic acid. B) A selection of organoarsenicals tested 
with the sensor and the range each compound elicited a signal from the sensor. 

 
 
patterned onto a paper matrix to prevent the mixing of reagents and allowing for 

multiplexed assays. Wax patterning can be achieved by multiple methods, but perhaps the 

most reproducible method is wax printing (214). In this method, a design is created using 

a computer program of choice and a sheet of paper is fed into a wax printer and then 

heated on a hot plate or in an oven to form a hydrophobic barrier through the paper. This 

process is fast, efficient, and allows for hundreds of devices to be reproducibly 

manufactured at once (215). To demonstrate the feasibility of using genetically encoded 

biosensing systems on wax printed paper platforms, we designed a 96-well microtiter 

plate pattern which was printed using a wax printer. The paper-based microtiter plate was 
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then heated to form a hydrophobic wax barrier throughout the paper. Sensing cells were 

then spotted onto the wells of the printed plate in ten replicates and incubated in the 

presence of arsenite for 1 h at RT without shaking. After incubation, X-gal and lysozyme 

were added to the cells for color development for visual confirmation of arsenic 

contamination. Figure 3.4A show the color change as the concentration of arsenic (III) 

decreases. Further, the assay can be semi-quantitative by determining the values for the 

color intensity using ImageJ software (108) and the results are shown in Figure 3.4B. The 

detection limit for arsenic (III) was found to be 3.2 x 10-8

Although the aforementioned studies demonstrate the feasibility of using 

genetically encoded biosensing systems on paper-based platforms, there are inherent 

concerns such as the immobilization and stability of the biological system under various 

conditions. To overcome these concerns, various immobilization techniques have been 

employed to incorporate genetically encoded biosensing systems into transportable 

devices such as immobilization onto fiber optic tips, sol-gel encapsulation, and 

immobilization on electrodes (

 M, which is comparable to the 

detection limits found on a standard microtiter plate. 

216-218). Further, various techniques to store and maintain 

the viability of the sensing systems have also been explored such as freeze-drying, 

vacuum-drying, continuous culturing, and immobilization in organic and inorganic 

polymers (219). Recently, a new approach has been undertaken to allow for the long-term 

storage of whole-cell biosensors. Certain bacteria, such as those of Bacilli and Clostridia, 

are able to form a hard coat around the cell, called a spore, when exposed to adverse 

environmental conditions such as the absence of nutrients or extreme temperatures (143). 

When sporulated, the bacteria are in a dormant, non-growing phase but are able to 
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actively sense their surroundings. The ruggedness and environmental resistance of spores 

of B. subtilis and B. megatariumhas previously been exploited to serve as a stable 

packaging for whole-cell biosensors (188). Further, previous studies have shown that the 

natural hardiness of spores allows whole-cell biosensors to withstand various 

environmental conditions such as heat, cold, dessication, and humidity for at least a year 

without losing analytical sensitivity or selectivity (149). Additionally, spores have proven 

to be stable vehicles for genetically encoded sensing systems and can go through 

numerous germination/sporulation cycles and still maintain the analytical characteristics 

of the sensor (183, 188). Therefore, the ability to employ organisms which are able to 

sporulate allows for the application of genetically encoded sensing systems for field 

applications. To this end, the arsenic sensing cells were sporulated and the assay was 

performed in a microtiter plate at 37 °C and RT. Initially, a study was performed at both 

temperatures to determine the time it took to germinate the cells because to successfully 

employ spores as a sensor, they must first be germinated by the introduction of nutrients. 

For both temperatures, 2.5 h was determined to be an optimal time for the germination 

and sensing of the analyte which was consistent with previous results with this sensor 

(188). The assay was performed with a 2.5 h incubation time and the results are shown in 

Table 3.1. Although at both temperatures a dose-response curve was generated, it is 

important to note that the absolute signal intensity was higher when the cells were 

incubated at 37 °C as compared to RT. This is likely due to higher germination efficiency  

at higher temperatures. Additionally, although the absolute signal intensity differed 

between the spores germinated at 37 °C and RT, the limit of detection was the same for 

each condition. 
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 Figure 3.4. Detection of analytes using a wax-based printed design. A) Microtiter plate 
design printed on cellulose paper and heated in an oven for 30 sec on each side to create a 
hydrophobic barrier. The assay was performed on the paper microtiter plate by placing 45 
µL of cells and 5 µL of analyte into each “well” and incubating for 1 h at RT. After 
incubation, lanes 1-10 were treated with X-gal and lysozyme while lanes 11 and 12 were 
only treated with X-gal. B) The data were analyzed using ImageJ software and a dose-
response curve was generated. All data are triplicates ± one standard error of the mean. 

 
  

Although the spores allow for a stable packaging material for genetically encoded 

biosensing systems, a portable device would still be necessary to evolve the system for 

use in remote areas. As previously mentioned, paper is an ideal inexpensive substrate for 

the sensing applications. Just as vegetative cells were immobilized on the paper, the 

spores can also be immobilized on paper-based platforms as well. This pairing of the 
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durable spore and the stability of the paper makes for a robust, portable sensor that would 

be ideal for on-site detection of arsenic. Previously, it has been demonstrated that spores 

 

 Table 3.1. Detection of arsenite after germinating spores in a microtiter plate format. 
The spores were germinated in LB broth for 2.5 h and 250 rpm at RT or 37 °C.  
 

 

 

 

can be immobilized on paper and used to detect analytes of environmental or biomedical 

interest (220). In this work, the spores were immobilized on paper strips cut from 

Whatman filter paper by mixing spores of an OD600

220

 of 2.0 with a 4% agar solution in 20 

mM Tris-KCl, pH 8.0 ( ). The strips were then incubated in the presence of LB broth 

containing 12 mM Ca2+-DPA and varying concentrations of arsenite at 37 °C and 250 

rpm for 3 h. After incubation, the strips were removed and a solution of X-gal and 

lysozyme were added to release the β-galactosidase. As previously mentioned, β-

galactosidase is produced in a dose-dependent manner in response to the analyte 

concentration. Figure 3.5A shows the visual change of color intensity on the strips as the 

concentration of analyte decreases. The color change was quantified using the ImageJ 

software and the signals were subtracted from the blank signal and corrected for any 

variations in light intensity due to the camera (Figure 3.5B). The spores on paper strips 

based sensor had a detection limit of 1 x 10-7

 

 M. Current work in our lab is focused on 

reducing the sensing time of the system to make it more amenable for field applications.  

Maximum signal intensity Limit of detection 

Germination at RT 5890 ± 190 2 × 10-7

Germination at 37 °C 

 M 

18750 ± 4172 2 × 10-7 M 
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The final step in the technological evolution of our arsenite sensing system was to 

incorporate it into a dynamic higher-order system that could be easily transported to a test 

site. The nematodes C. elegans are bacteria-consuming roundworms found in the soil and 

can be maintained in small petri dishes on the order of weeks to months. C. elegans are 

ideal higher-order systems for the incorporation of sensing elements due to their optical 

transparency, ease of maintenance, and the cost-effectiveness of cultivation (221). To this 

end, we employed C. elegans in conjunction with genetically encoded sensing systems in 

bacterial cells and as genetically engineered organisms which can respond to an analyte. 

First, wild-type N2 animals were placed on lawns of E. coli AW10 cells harboring 

plasmid pSD10 which contains the genes for arsR and the green fluorescent protein 

(gfpuv

222-224

) under control of the ars operon. Although nematodes have been shown to exhibit 

negative food preferences ( ), the wild-type N2 animals used in this study did not 

appear to exhibit any adverse effects from being switched from the laboratory E. coli 

strain, OP50, to a temporary overnight diet of E. coli AW10 prior to exposure to arsenite. 

The animals were transferred directly from the overnight AW10 plates to a 15 mL tube 

and after three successive washing steps, were transferred either to 12-well or 96-well 

plates containing sodium arsenite. To optimize incubation time, the worms were exposed 

to the arsenite for 1 - 4 h before taking measurements. The signal intensity increased for 

the first three hours, and then slightly decreased after the 4 h incubation (Figure 3.6A). 

Next, the C. elegans were again fed the E. coli AW10 cells overnight, washed, and 

transferred to 96 well plates containing sodium arsenite and incubated for 2 h prior to 
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Figure 3.5. The dormant spores were spotted on Whatman filter paper and incubated 
overnight at RT in culture tubes with LB broth and various concentrations of arsenite. A) 
After a 3h incubation period, the strips were removed and lysozyme and X-gal were 
added to the spots. After 30 min of exposure, the blue color began to develop. B) The 
color intensity was quantified using ImageJ software to create a dose response curve. The 
data represent the average ± one standard error of the mean (n=3). 
 

measurement. It is helpful to note that the wild-type nematodes have been shown to be 

less susceptible to arsenic-induced oxidative stress than gamma-glutamylcysteine 

synthetase (gcs-1) mutant nematodes (225-226). Additionally, a previous study showed 

that arsenite-inducible, cysteine- and histidine-rich RNA-associated protein (AIRAP) and 

its homologue, AIP-1, derived from nematodes offered protection of murine kidney cells 

from the toxic effects of arsenite (227). Thus, C. elegans have been shown to survive 

exposure to arsenite, especially for the short time period needed for the ingested E. coli 

AW10 cells to respond to the arsenite in solution. Signal quantification was approached 

by two methods, imaging with a microscope and a microtiter plate assay. Rather than 
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imaging a large number of bacteria, each worm can be seen to fluoresce discreetly upon 

exposure to arsenite. Larger worms are easier to visualize and appear to fluoresce more, 

perhaps due to increased consumption of the available food source. Figure 3.6B shows 

the average fluorescence at 510 nm (normalized to a zero arsenic control) for samples of 

various arsenite concentrations. The detection limit was found to be 1 x 10-9

The next step in the evolution of a biosensor is the incorporation of sensing 

elements into higher level organisms so that organism itself can be the sensing system. 

To make the first steps toward this goal, we have employed a mutant strain of C. elegans, 

SJ4001 which has been modified to control the expression of GFP by the AIRAP 

promoter, previously described. In the presence of arsenic, the expression of GFP is most 

pronounced in hypodermal cells (

 M, which is 

well within the acceptable range of arsenic accepted by the EPA for arsenic.  

227). Figure 3.6C shows a fluorescence microscopy 

image of a nematode after incubation in the presence of 0.1 mM arsenite as compared to 

the nematode in the absence of arsenite, indicating the nematodes can be used as an 

on/off type sensor. 

Herein, we have demonstrated the technological evolution of genetically 

engineered sensing systems based on the regulatory protein ArsR. Just as organisms 

evolve to adapt to their environments, scientific technology is always evolving to adapt to 

address specific issues. In the genetically engineered sensing system on the standard 

microtiter plate platform to detect arsenic and organoarsenicals, the assay proves to be 

time consuming. Although the incubation time with the analyte is 1 h, a culture must still 

be grown to an OD600 

146

of 0.6 before the incubation. One way to circumvent this issue is to 

begin with bacterial spores or to lyophilize the bacteria. In this study and others ( , 
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188), we have demonstrated that dormant bacterial spores can be prepared in advance and 

stored until sample analysis. Previous reports also demonstrate that these spores are 

stable under a variety of environmental conditions such as an elevated humidity, 

desiccation, and extreme temperatures (149). To overcome issues pertaining to the cost of 

analysis, we have evolved the technology to include the use of paper-based platforms for 

analysis. These platforms are advantageous due to their low cost, ease of fabrication, and 

disposability. The assay times on paper versus traditional microtiter plate platforms are 

comparable when using cells which are in a vegetative state; however, when spores are 

present, it was necessary to include Ca2+-DPA in the nutrient media to decrease the 

germination time from 16 h to 3 h. Previous reports have demonstrated the use of the 

arsenic whole-cell biosensor for analysis of environmental and biological samples; 

however, soil analysis using the arsenic whole-cell biosensor had not been demonstrated. 

Therefore, we have employed our genetically engineered sensing system for the detection 

of arsenic in soil. Genetically engineered sensing systems, however, have limitations in 

the analysis of soil samples due to traditional extraction techniques which use organic or 

acidic extractions which may be toxic to living systems. To overcome this issue, a 

phosphate extraction was employed in our soil samples. Each of steps of evolution 

described above has employed B. subtilis cells harboring pMUTin-23. The detection limit 

during each stage of technological evolution is shown in Table 3.2. It is important to note 

that the detection limit did not vary greatly between each step in the evolution, indicating 

that genetically engineered sensing systems are robust, ideal systems to apply to a 

number of applications. The final step in the evolution of genetically engineered sensing 

systems was the incorporation of the whole-cell into C. elegans. The transparent nature of 
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this species allows for facile detection of optical reporters. Additionally, C. elegans can 

be dispersed onto sites where contamination is possible and their mobility allows for 

detection over broad areas. Each of the experiments described herein are stepping stones 

to the technological evolution of a whole-cell biosensor which can be further optimized 

for future studies. 

3.4 Conclusions 

Genetically engineered sensing systems have had numerous applications throughout the 

years. These systems are ideal for analytical applications due to the natural selectivity of 

the regulatory proteins involved in the sensing network. Herein, we have demonstrated 

for the first time the technological evolution of a genetically engineered sensing system 

by employing cells containing the ArsR regulatory protein for the detection of arsenic. 

Genetically engineered sensing systems are capable of being tailored for a specific 

analyte, amenable to various platforms, and can be packaged for long-term storage. 

Additionally, Table 2 demonstrates that genetically engineered sensing systems can be 

amended to all of these platforms and still maintain the detection limit of the vegetative 

cells in a traditional microtiter plate. The studies herein also glimpse into the future of 

genetically engineered sensing systems by exploiting an optically transparent nematode 

as a carrier for the sensing technology. Furthermore, the nematode itself can be 

genetically manipulated to serve as the sensing element. As advancements are made in 

the fields of molecular biology and materials engineering, genetically engineered sensing 

system technology will continue to evolve and novel designer systems can be fabricated 

for a plethora of analytical and biomedical applications. 
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Figure 3.6. C. elegans were employed as vehicles for sensing arsenic. A) Worms were 
transferred onto NGM plates with E. coli AW10 cells containing the plasmid pSD10 as 
the sole food source. The worms were washed and placed in microtiter plates with 1 x 10-

6 M arsenic. A time study was performed to determine the optimal incubation time to 
elicit a signal from the cells consumed by the nematodes. B) The worms were fed E. coli 
AW10 cells overnight. The worms were then washed and placed in a microtiter plate with 
various concentrations of arsenic. After 2 h incubation, the fluorescence intensity was 
measured and it was found that there was a dose-dependent increase in fluorescence. The 
values shown are averages ± 1 standard error of the mean (n=2). C) In addition to 
allowing worms to consume the whole-cell biosensor, SJ4001 worms which were 
genetically modified to express GFP under the control of the arsenite-inducible RNA-
associated protein were used [47]. The image on the left shows the fluorescence of the 
worm after 4 h incubation in presence of 1 x 10-4

 

 M arsenite. The fluorescence image on 
the right is a worm that was incubated in the presence of Milli-Q purified water. Images 
were taken on using an Iphone 4S and were adjusted in Adobe Photoshop using the same 
parameters to remove background fluorescence. 
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Table 3.2. Limit of detection of the arsenic genetically encoded biosensing system when 
implemented into various platforms. 

 Limit of Detection * 
Microtiter plate- No sporulation 3.2 x 10-8

Vegetative cells on paper microtiter plate platform 
 M 

1.7 x 10-7

Microtiter plate-After sporulation and germination 
 M 

2.0 x 10-7

Spores on paper strips 
 M 

1 x 10-7

Cells consumed by C. elegans 
 M 

1 x 10-9

*Limit of detection is defined as the analyte concentration which produced a signal equal 
to or higher than the signal produced by the blank plus three standard deviations. 

 M** 

**The sensor consumed by the C. elegans is the E. coli AW10 strain, which is different 
than the sensor used in the other studies herein
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Chapter 4. Paper Strips for Arsenic Detection Based on Engineered Sensing Spores 
 

4.1 Overview 

There is a need for rugged sensing platforms which allow for stable, long-term 

storage and rapid on-site detection. This is of particular importance in resource poor 

settings where detection of analytes with biomedical or environmental relevance is 

necessary. Whole-cell biosensors are ideal vehicles for these sensing platforms due to 

their rapid growth rate, large population size, low cost and easy maintenance (228). 

Further, whole-cell biosensors provide information about the bioavailability and toxicity 

of an analyte of interest. Certain bacteria, such as those of the species Bacilli, have the 

ability to transition to a dormant state when subjected to adverse environmental 

conditions by forming protective shell around their genetic material, termed spores. 

These spores are able to withstand a variety of environmental conditions and have been 

shown to survive for millions of years (229). These spores have been exploited for 

numerous applications in biotechnology (143). Herein, we describe the use of whole-cell 

biosensors, which have been sporulated, in combination with paper-based platforms for 

the detection an environmental contaminant, arsenic. 

Arsenic is a well-known toxic environmental contaminant prevalent in natural and 

polluted waters and soils. Human exposure can lead to cancer of the lungs, skin, and 

kidneys (230), and its exposure in utero or in early life has been linked to altered motor 

function and neurodevelopment, impaired lung and thalamic function, and an increased 

susceptibility to infection (231). Arsenic contamination is water supplies is prevalent in 

certain areas of the world, such as Bangledesh, where up to 77 million people are 
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exposed to toxic levels of arsenic in drinking water (232-233). The gold standard for 

arsenic detection is inductively coupled plasma atomic absorption spectroscopy (ICP-

AAS), but this technique is expensive, requires trained personnel, and may not be suitable 

for on-site applications. Currently, there are a number of kits used for on-site analysis of 

arsenic in drinking water. These kits, however, have numerous shortcomings such as lack 

of selectivity, production while detection of unwanted byproducts such as arsine gas, and 

results not comparable to those obtained with standard laboratory measurement 

techniques (234). Therefore, there is a need for an arsenic detection kit that is 

transportable, does not rely on corrosive or toxic components, and does not produce 

unwanted byproducts. This detection kit must be sensitive, selective, robust, allow for 

rapid analysis and be able to be performed with minimally trained or untrained personnel.  

In recent years, paper has been employed as an inexpensive substrate for the 

creation of microfluidic devices for use in diagnostic tests and detection kits (209). This 

is accomplished by patterning hydrophobic barriers onto paper to create hydrophilic 

channels and control sample flow through the device. Numerous methods have been 

investigated for patterning paper-based microfluidics including photolithography (209-

210), PDMS printing (211), inkjet etching (212-213), and printed circuit technology 

(235), to name a few. These techniques, however, are not amenable to mass 

manufacturing due to the need for multistep fabrication and relatively high cost (215). 

Fabrication techniques, such as wax patterning, have emerged that are low cost, employ 

non-toxic reagents, and are easily manufactured on a large scale. Screen printing, 

dipping, and wax printing have been explored as part of these technologies. Screen 

printing is achieved by creating a mask on a transparency using a laser printer and 
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fabricating screens through which solid wax is rubbed through onto the paper and melted 

to create the device (236). The second method, wax dipping, uses an iron mould, formed 

via laser cutting, which is magnetically sealed to the paper, and dipped into molten wax 

(237). Although these methods utilize relatively simple fabrication techniques, they are 

limited due to the need for multiple steps in the fabrication and inflexibility in patterning. 

To overcome these obstacles, wax printing has recently been explored. In this technique, 

a design is created using a computer program and is printed on a paper substrate using a 

wax printer (238-239). By this method, multiple copies of devices can be reproducibly 

fabricated in minutes to achieve mass numbers of paper devices at a low cost. 

These paper-based sensing platforms are especially useful for on-site sensing 

compounds of environmental relevance. Specifically, environmental sensing is important 

for the detection of dangerous heavy metals in water sources, especially in developing 

countries lacking adequate infrastructure for testing and decontaminating water (240). A 

previously reported sensor demonstrated the feasibility of using paper-based approaches 

for the detection of a number of metals, namely Hg(II), Ag(I), Cu(II), Cd(II), Pb(II), 

Cr(VI), and Ni(II) (241). This assay, however, lacks selectivity and further analysis needs 

to be performed to determine the identity of the metal that is present as the sensor cannot 

discriminate which of the metals listed above is present. An approach to improving 

selectivity of a sensor is to take advantage of the exquisite selectivity of molecular 

recognition find in nature. For example, biosensors have employed proteins as the 

sensing element to develop biosensors that selectively respond to an analyte of interest. 

These biomolecules, however, have their own disadvantages in that they are typically 

unstable at elevated temperatures, limiting their transport, storage, and use conditions. To 
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overcome the temperature instability of proteins in particular, we have previously 

employed paper strip whole-cell biosensors for the detection of quorum sensing 

molecules (108). Whole-cell biosensing systems are advantageous when incorporated in 

on-site detection devices and kits in that they provide information on analyte 

bioavailability, have high sensitivity and selectivity, and are cost effective, while 

providing a natural packaging for labile biomolecules that protects them from 

environmental, potentially harsh, conditions (105-106). Previous methods that have been 

employed for the preservation of bacterial whole-cell sensors include freeze-drying, 

vacuum drying, continuous cultivation, and immobilization in organic and inorganic 

polymers, all of which can be time-consuming and costly (219). Recently, our laboratory 

has demonstrated that bacterial spores are ideal for use as transport and storage vehicles 

for whole-cell sensing systems (188). Bacterial spores have been shown to undergo 

numerous germination/sporulation cycles and still maintain the initial analytical 

characteristics of the sensor. Further, it has been demonstrated that Bacillus subtilis 

spores can withstand a range of environmental conditions such as extreme temperatures, 

humidity levels, and desiccation, making them ideal for on-site as well as remote analysis 

(149).  

In the current work, we have combined the transport and enhanced storage 

properties of self-contained B. subtilis spores containing an arsenic sensing system with 

easy to use and cost-effective wax printed paper strips. The sensing system employs β-

galactosidase as the reporter protein, which, upon addition of an appropriate substrate, 

can be visually detected. The wax printed paper is inexpensive and coupled with the 
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spores allows for development of a stable device for on-site analysis without the need for 

laboratory infrastructure or trained personnel.  

4.2 Materials and Methods 

4.2.1 Chemicals and Apparatus  

Sodium arsenite was purchased from Ricca Chemical Co. (Arlington, TX). 

Whatman cellulose chromatography paper, Grade 1, was purchased from GE Healthcare 

(Piscataway, NJ). The chemiluminescence detection kit, Beta-Glo assay system, was 

purchased from Promega (Madison, WI). The 96-well microtiter plates were purchased 

from Costar (Corning, NY). Luria-Bertani (LB) broth and dipicolonic acid were 

purchased from Fisher Scientific (Pittsburg, PA). The agar, alanine, potassium chloride, 

glucose, fructose, calcium chloride, magnesium sulfate, potassium phosphate, 

chromogenic substrate X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranosidase), and 

lysozyme were purchased from Sigma Aldrich (St. Louis, MO). All standards were 

prepared in Milli-Q purified water or tap water from the University of Miami as 

indicated. Chemiluminescence measurements were performed using a POLARstar 

OPTIMA microplate reader from BMG Labtech (Durham, NC). Paper strips were printed 

using a Xerox ColorQube 8570N printer (Norwalk, CT). An iPhone 4S was used to take 

jpeg images of the strips. All colorimetric data was analyzed using ImageJ software from 

the NIH (Bethesda, MA). 

4.2.2 Plasmids, Bacterial Strains, and Culture Conditions  

Bacillus subtilis strain 23 was transformed with plasmid pMUTin-23 which 

contains three genes conferring arsenic resistance (arsR, arsB, arsC). ArsR is a DNA-

binding repressor protein which, upon binding to As(III), releases its promoter and begins 
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the transcription of the reporter gene, lacZ. ArsB is a membrane protein that forms a 

channel which allows As(III) to be effluxed from the cell. ArsC reduces As(V) to As(III) 

so it can be removed from the cell (105). 

4.2.3 Dose-Response Curves in Microtiter Plates 

  Cells from a glycerol stock were grown in 5 mL of LB broth containing 25 µg/mL 

of erythromycin overnight at 37 °C, 250 rpm. The overnight culture was then used to 

inoculate a 50 mL flask of fresh LB broth containing 25 µg/mL erythromycin and grown 

at 37 °C and 250 rpm until an OD600 of 0.6 - 0.8 was obtained. Commercially available 

sodium arsenite was dissolved in either Milli-Q purified water or tap water. Arsenite 

solutions of concentrations ranging from 1  10-6 M – 1  10-8 

4.2.5 Bacterial Spores  

M were prepared. This 

concentration range was chosen to encompass the linear range of the sensor. Milli-Q 

purified water or tap water was used as the blank. A 10 µL volume of each of the arsenite 

solutions was added in triplicate to a 96 well microtiter plate containing 90 µL/well of 

sensing cell culture. The microtiter plate was incubated at 37 °C and 175 rpm for 1 h. β-

Galactosidase expression was quantified using the chemiluminescence assay detection 

kit, β-glo Assay System, following the manufacturer’s instructions. The results were 

plotted using GraphPad Prism 5 by GraphPad Software, Inc. (San Diego, CA).  

Spores were generated using a previously established protocol (189). Briefly, 5 

mL cultures of cells were grown overnight in LB broth plus 25 µg/mL erythromycin. The 

overnight culture was used to inoculate 500 mL of Difco Sporulation Media which 

consisted of Bacto nutrient broth (8g/L), 10 mL of 10% (w/v) KCl, 10 mL of 1.2% (w/v) 

MgSO4·7 H2O, adjusted to pH 7.6 with NaOH. After autoclaving, filtered solutions of 1 
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mL each of 1 M Ca(NO3)2, 0.01 M MnCl2, and 1 mM FeSO4 were added to the solution. 

The inoculated broth was then grown at 37 °C and 250 rpm for 48 h or until >90% of the 

culture contained free spores when examined under a microscope. The cells were then 

centrifuged at 8,000 rpm for 20 min. The resultant pellet was resuspended in Milli-Q 

purified water and was sonicated on ice for 10 min with 10 s on/off intervals. After 

sonication, the spores were centrifuged again at 8,000 rpm for 15 min and washed 3 times 

in 125 mL of a 1 M KCl, 0.5 M NaCl solution. The spores were then resuspended in 50 

mM Tris buffer, pH 7.2 and incubated with 50 µg/mL lysozyme at 60 °C for 60 min to 

remove any vegetative cells. After incubation, the spores were washed three times with 

Milli-Q purified water, resuspended to an OD600

4.2.6 Preparation of Paper Strips 

 of 6.0 and stored at 4 °C until further 

use. 

Paper strips were designed using Adobe Photoshop such that 108 strips were able 

to be fitted onto one piece of 8.5 in. x 11 in. of Whatman chromatography paper, type 1, 

which was printed using a Xerox ColorCube Wax Printer. The printed strips were then 

baked for 30 s on each side in an oven at 110 °C to allow the wax to form a hydrophobic 

barrier throughout the chromatography paper. B. subtilis spores were diluted to an OD600

 

 

of 2.0 in Milli-Q purified water and mixed in equal volume with a 4% agar, 50 mM Tris 

KCl solution at pH 8.0. A volume of 20 µL of this mixture was spotted on each strip 

within the hydrophobic barrier created via wax printing. After allowing the strips to dry, 

the strips were either used immediately or stored at RT until use. 
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4.2.7 Optimization of Germination Time on Paper Strips  

Commercially available arsenite was diluted using Milli-Q purified or tap water to 

obtain standards ranging from 1  10-6 M - 1  10-8 M arsenite in a total volume of 1 mL 

of LB broth, 12 mM CaCl2

108

 and 12 mM DPA in culture tubes. Paper strips were added to 

each tube and were left to incubate for various time periods at 37 °C and 250 rpm. After 

incubation, the strips were removed and 10 µL of 50 mg/mL X-gal and 10 µL of 20 

mg/mL lysozyme were added to each strip and the color development was allowed to 

continue for 60 min. The color intensities were then measured using ImageJ software 

upon digital image acquisition as previously described ( ). The final color intensity 

variations are due to environmental illumination while the picture was being taken and 

were corrected by measuring the color intensity of the strip just above the sensing area.  

4.2.8 Dose-response Curves on Paper Strips 

Commercially available arsenite was diluted using Milli-Q purified or tap water to 

obtain standards ranging from 1  10-6 M - 1  10-8 M arsenite in a total volume of 1 mL 

of LB broth, 12 mM CaCl2

108

 and 12 mM DPA in culture tubes. Paper strips were added to 

each tube and were left to incubate for 3 h at 37 °C and 250 rpm. After incubation, the 

strips were removed and 10 µL of 50 mg/mL X-gal and 10 µL of 20 mg/mL lysozyme 

were added to each strip and the color development was allowed to continue for 60 min. 

The color intensities were then measured using ImageJ software upon digital image 

acquisition as previously described ( ). The final color intensity variations are due to 

environmental illumination while the picture was being taken and were corrected by 

measuring the color intensity of the strip just above the sensing area. 
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4.2.9 Analysis of Environmental Samples on Paper Strips 

Initially, 0.5 g of top soil was spiked with 100 µL of varying arsenite 

concentrations. The spiked samples were incubated at room temperature and 175 rpm 

overnight. After incubation, the samples were dried by incubation in an oven set to 100 

°C to remove any water from the soil. After drying, 12.5 mL of 300 mM phosphate 

buffer, pH 7.5, was added to each sample and incubated at 40 °C and 300 rpm for 16 h. 

The samples were then filtered to separate the aqueous layer containing the arsenic from 

the soil and 10 µL of each sample was added to 90 µL of vegetative cells and incubated 

for 1 h at 37°C and 175 rpm. β-galactosidase expression was quantified using the 

chemiluminescence assay detection kit, β-glo Assay System, following the 

manufacturer’s instructions. Simultaneously, 100 µL of each sample was added to culture 

tubes containing 1 mL of LB broth, 12 mM CaCl2

4.2.10 Reducing Assay Time For On-Site Detection 

 and 12 mM dipicolonic acid (DPA) 

and incubated with paper strips which have spores immobilized on them for 3 h. After 

incubation, the strips were removed from the solution and 10 µL of 50 mg/mL X-gal and 

20 mg/mL lysozyme were added to the strips to allow for color development. Images 

were acquired using an iPhone 4S and the color intensity was quantified using ImageJ 

software. The results were validated by ICP-MS. 

Strips were spotted as previously described and incubated at 37 °C and 250 rpm 

for various times (1 h, 2h, 3h, 4h) in 900 µL of LB broth containing 12 mM Ca2+-DPA. 

Additionally, the strips were incubated at RT without shaking overnight at room  
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temperature in 900 µL of LB broth. After incubation, 10 ppb arsenic was added to each 

solution and incubated for various time points (15, 20, 25, 30, 35, 45, or 60 min). X-gal 

and lysozyme were then added for color development.  

4.3 Results and Discussion 

The facile, sensitive, selective detection of environmentally persistent analytes 

that impact human health is of upmost importance. One of such compounds is arsenic, 

known to cause toxic effects to humans that can lead to cancer, dermatitis, and vascular 

disease (242). Arsenic is of special concern because it is not only a pollutant, but also 

present naturally in soils and waters.  Due to the prevalence of arsenic presence in 

developing countries, robust sensors are needed that are amenable to field studies in 

locations where infrastructure and other resources are limited. Our research group has 

previously shown that genetically engineered sensing bacterial systems allow for the 

selective and sensitive detection of a number of different classes of environmental 

analytes, including arsenic (188). Further, we were first to report that bacterial spores 

provide stable packaging for whole-cell biosensors, and therefore, are an ideal vehicle for 

their inexpensive storage and transport under a variety of environmental conditions (149). 

We have also shown that B. subtilis sensing cells are amenable to field applications using 

portable, centrifugal microfluidic platforms (183). These platforms, however, are still 

limited for on-site analysis due to the need for devices for sampling and detection that are 

not practical for use in developing areas. To address this issue, we have designed and 

constructed a new wax printer based paper strip platform onto which sensing cells can be 

immobilized for visual signal detection (Figure 4.1). To this end, we have employed a B. 

subtilis strain harboring a plasmid that contains the arsR gene, which recognizes arsenic, 
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along with the lacZ gene responsible for the production of the reporter enzyme β-

galactosidase. When arsenic is present, it binds to ArsR, causing the subsequent 

transcriptional regulation and expression of the lacZ gene, which, in the presence of its 

substrate, produces a signal that is directly proportional to the arsenic present in the 

environment.  

 

Figure 4.1. Schematic demonstrating the fabrication of the paper strips. Initially, a design 
is printed on a wax printer. After printing, the paper is baked at 110 °C for 30 s on each 
side to form a wax barrier through the paper. Aliquots of 20 µL of a 1:1 spore agar 
solution are spotted into the sensing area on the strip. The strips are then incubated in the 
presence of analyte for 3 h to allow for germination and detection. The strips are removed 
from the solution and X-gal and lysozyme are added for signal visualization.  

 

Initial studies were performed to evaluate the analytical performance of the B. 

subtilis sensing cells by exposing them to varying concentrations of arsenite from 1  10-

6 M to 1  10-8

188

 M and monitoring the expression of β-galactosidase using 

chemiluminescence ( ).  The detection limit, defined as the signal of the blank plus 
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three standard deviations, was found to be 1  10-7 M (Figure 4.2), which is within the 

current EPA standard for drinking water of 10 ppb, or 7.6  10-7 M arsenic 

(http://water.epa.gov/lawsregs/rulesregs/sdwa/arsenic/). To employ the sensing system 

for detection of arsenic in environmental samples, the effect of other substances in the 

sample (matrix effects) were evaluated with our sensor by dissolving the analyte in Milli-

Q purified water or tap water to determine if the presence of ions affected the analytical 

characteristics of the arsenic sensor. Figure 4.2 shows the comparison of a reference 

dose-response curve for arsenic detection in double-distilled water to a dose-response 

curve in tap water in the same analytical run. The detection limits for arsenic are similar, 

thus showing no significant impact from other metal ions that may be present in 

municipal tap water.  

 

Figure 4.2. To evaluate the effect of the presence of ions in the sample, dose-response 
curves were generated using both Milli-Q purified water (red) and tap water (blue) in a 
microtiter plate on the same analytical run. The chemiluminescence signals have been 
corrected with respect to each blank and have been normalized for comparison. Data 
shown are the average ± 1 SD (n=3). 

 

http://water.epa.gov/lawsregs/rulesregs/sdwa/arsenic/�
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After evaluation of the analytical characteristics of the whole-cell sensing system 

in vegetative or “alive” cells, we evaluated the performance of the B. subtilis arsenic 

sensing system after turning the cells into spores and germinating “reviving” the cells 

after given periods of times. Previous work described that germination of spores to cells 

and subsequent sensing of the cells was achieved with an incubation time of 2 h in a 

microtiter plate (188). In this case, a chemiluminescent substrate was also employed for 

generation of the signal from the reporter enzyme, β-galactosidase. The validation of the 

spores’ ability to germinate and be employed for sensing lead to the preparation of paper 

strips sensors for detection of arsenic. The spores were immobilized on the strip by first 

diluting the spores to an OD600 of 2.0 and mixing them in an equal volume of 4% agar in 

a 50 mM Tris KCl buffer, pH 8.0, followed by spotting the spore solution on the paper 

strip and allowing the spores to dry on the paper. The strip was then incubated in a 

culture tube for 2 h with LB broth and the appropriate amount of analyte. After 

incubation, the strips were removed from the tubes and an easy to visualize chromogenic 

substrate for b-galactosidase, X-gal, and lysozyme, an enzyme that facilitates cell wall 

opening for sensing, were spotted onto the detection area of the strip. In such a system, 

the measured color intensity is directly proportional to the amount of arsenic present in 

the environment of the sensing cells. However, no color change was noted after several 

hours of incubation of the spores with only X-gal and lysozyme. To determine if the 

spores were germinating, a time study was performed using the paper strips with the 

immobilized spores. Initially, no color change was noted until after 16 h of incubation 

(data not shown). This incubation time was previously shown to be necessary for B. 

subtilis spores that have previously been employed for paper-based detection of Zn (II) 
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and bacitracin (220). For portable field kits, however, this is a lengthy incubation time 

and is unsuitable for on-site analysis. Therefore, we investigated methods to decrease the 

germination time and, thus, decrease assay time. To that end, we explored two methods 

for spore germination. First, it is well known that dipicolinic acid (DPA) comprises ∼20% 

of the core dry weight of a spore (243). DPA exists as a 1:1 chelate with divalent cations, 

specifically Ca2+

244

. It is hypothesized that the role of DPA is to lower water content of the 

spore, which in turn protects core proteins from inactivation or denaturation from wet 

heat ( ). Previous studies investigating B. subtilis spores on solid surfaces have shown 

that a 1:1 chelate of Ca2+

245

-DPA enhanced germination by 5-8 fold in thin silica layers 

( ). Therefore, we hypothesized that Ca2+

246

-DPA could be necessary to enhance 

germination on our paper strips. Our second option to expedite germination was to add L-

asparagine, D-glucose, D-fructose, and potassium (AGFK) media to the spores. Previous 

studies report that certain receptors on the surface of the spores, such as GerB and GerK, 

cooperate to respond to AGFK media and initiate germination ( ). To determine which 

of these methods were more efficient for the germination of our system, studies were 

conducted in a microtiter plate by adding 45 µL of spores of an OD600 of 2.0 and 

incubating in the presence of 1  10-6 M arsenic with a final concentration of either 60 

mM CaCl2 and 60 mM DPA or AGFK media in triplicate and the assay was evaluated at 

different time points to monitor the germination. It was found that six hours was 

necessary to achieve a reproducible signal above the background. Figure 4.3a shows that 

there is a significant difference in the signal intensity of the two germination methods 

after six hours (p< 0.01). It is important to note, however, that in this study, the only 

source of nutrients to stimulate germination was the Ca2+-DPA or AGFK. Therefore, we 
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hypothesized that the germination process could be sped up further by the addition of a 

nutrient rich media such as LB broth in conjunction with Ca2+-DPA which was used in 

subsequent experiments when employing the paper strips for sensing. However, when 

this concentration was used in the presence of nutrients, no germination was observed in 

the six hour time period. We hypothesized that the DPA may be chelating other divalent 

ions in the media as opposed to the Ca2+. To overcome this obstacle, we performed a 

study in which we incubated the spores immobilized on the paper strips in the presence of 

various concentrations of Ca2+-DPA. Figure 4.3B shows the color intensity decrease with 

increasing Ca2+-DPA and Figure 3C shows the quantitative results obtained from ImageJ. 

As expected, higher concentrations of Ca2+-DPA actually hindered the germination. At 

lower concentrations, i.e. 12 mM, the germination increased significantly over the blank. 

Therefore, 12 mM Ca2+

After optimizing the germination media in the microtiter plate, the germination 

time on the strips needed to be optimized. The spores were spotted on the strips as 

previously described and incubated in culture tubes containing 1 mL of a solution of LB 

broth with 12 mM CaCl

-DPA was used for subsequent experiments. 

2, 12 mM DPA and 1 x 10-6 M arsenite at 37 °C and 250 rpm for 

various times (2 h, 2.5 h, 2.75 h, 3 h, 4 h, and 5 h). After the appropriate incubation time, 

the strips were removed from the tube and X-gal and lysozyme were spotted onto the 

strip for development of the blue color. No color development was seen after a 2 h 

incubation period, while the color intensity was visible at 2.75 h incubation and 

significantly enhanced at 3 h and beyond (Figure 4.4A). Figure 4.4B shows the 

quantification of the visual results after analysis of the color intensities with ImageJ 

software. From the obtained data, an incubation time of 3 h was chosen for further assays. 
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Figure 4.3. (A)Two methods were compared to optimize the germination time of the 
spores immobilized on the paper strips. The first method was the addition of 12 mM 
CaCl2 and 12 mM DPA (red) and the second was the use of AGFK media to promote 
germination (blue). The spores were placed in the appropriate media and allowed to 
germinate for 6 h in the presence of 1  10-6 arsenite. The Ca2+-DPA media enhanced 
signal output significantly as compared to the AGFK media (p= 0.006). Data shown are 
the average ± 1 SD (n=3). The spores were spotted on the wax-printed paper strips and 
incubated for 3 h in the presence of varying concentrations of Ca2+-DPA, LB broth, and 1 

 10-6 M arsenite. (B) Image of the detection areas of the strips showing the amount of 
Ca2+-DPA each strips was incubated in the presence of. The images were quantified using 
ImageJ software and the results are shown in (C). A concentration of 12 mM Ca2+

 

-DPA 
was significantly different than the blank (p=0.0042) and was used in subsequent 
experiments. All data are shown as averages ± 1 SEM (n=3). 

It was hypothesized that by printing the detection chambers on the paper strips, a 

hydrophobic barrier would be formed to prevent the spores from spreading through the 

paper. By confining the same number of spores to a smaller space, the signal intensity,  
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Figure 4.4. Time study to determine germination and sensing time for spores 
immobilized on paper strips. (A) The spores were incubated for various times in the 
presence of LB, Ca2+, DPA, and 1  10-6

 

 M arsenite at 37 °C and 250 rpm. After 
incubation, X-gal and lysozyme were added to the detection area on the strip for blue 
color development. The top strip represents the color change in the presence of arsenite at 
each time point and the bottom strip represents color change in the presence of the water 
blank for that time point. (B) The intensity of the color development was analyzed using 
ImageJ software. The signals have been corrected with respect to the blank and variations 
in color intensity due to differences in environmental illumination while the pictures were 
taken. The time study was performed three times with values of ≤10% RSD. 

and thus sensitivity, of the sensor should increase. To test this hypothesis, strips of 

identical dimensions were cut from the chromatography paper, but were not wax printed, 

and were incubated alongside wax printed strips in 1  10-6 M arsenite for 3 h. After 

incubation, the chromogenic substrate X-gal was added to the strips and the color 

intensity was generated in less than 1 h (Figure 4.5A). Upon quantification, it was found 
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that the signal intensity of the wax printed strips was significantly higher than the 

intensity of the plain paper strips (p=0.0232) (Figure 4.5B). These data indicate that the 

sensitivity of the sensor is enhanced by printing a hydrophobic barrier around the 

detection area of the strip.  

 

 

Figure 4.5. Spores were spotted on paper strips that were plain or wax printed for 3 h in 
the presence of 1 × 10-6

 

 M arsenite. (A) Image of the detection areas of the strips which 
had not been wax printed and its respective blank (top) and had been wax printed with its 
respective blank (bottom). (B) The images were analyzed using ImageJ software. The 
color intensity generated by the cells on the wax printed paper strips was statistically 
higher than the plain paper strips. All data are shown as averages ± 1 SEM (n=3).  

After time optimization, a dose-response curve was generated by placing the 

paper strips containing the spores in contact with a solution containing various 

concentrations of arsenic. Figure 4.6A shows the strips after incubation in a solution of 

arsenic in Milli-Q purified water while figure 4.6B shows the strips after in a solution of 

arsenic in tap water. The strips were analyzed with imaging software and it was 

determined that there was not a significant change in the detection limit of the sensor in 
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the two different types of water (Figure 4.6C), with both sensing strips showed a limit of 

detection of 1  10-7

Figure 4.6. B. subtilis spores containing plasmid pMUTin-23 were immobilized on the 
paper strips and incubated with various concentrations of arsenite, LB broth, and Ca

 M. Strips which had been spotted with spores were also stored at 

room temperature and evaluated for arsenic detection after 7 months. It was found that 

 

2+

 

-
DPA for 3 h at 37 °C and 250 rpm. (A) Dose-response data for the paper strips incubated 
in Milli-Q purified water. Milli-Q purified water served as the blank. After incubation, 
the strips were removed from the solution and 10 µL of X-gal (50 mg/mL) in DMF and 
lysozyme (20 mg/mL) in water were added to the detection area of the strip. Color 
development was carried out for 1 h. (B) Dose-response data for paper strips incubated in 
tap water. The assay was carried out as described above except tap water served as the 
blank. (C) The intensity of the blue color development on the Milli-Q purified water (red) 
and tap water (blue) sensing strips was measured using the software ImageJ upon digital 
acquisition of each image. The signals have been corrected with respect to the blank and 
variations in color intensity are due to differences in environmental illumination while the 
pictures were taken. All data are shown as averages ± 1 SEM (n=3). 



116 
 

 
 

the strips maintained a sensitivity level comparable to that of freshly spotted strips 

(Figure 4.7), thus demonstrating the stability of spore-based paper strips. This is an 

indication that the innate stability of the spore will result in durable sensing strips under a  

Figure 4.7. Stability of spores on paper strips over time. (A) Freshly spotted spores and 
spores that had been stored at RT for seven months were incubated with 1 x 10-5

 

 M 
arsenite (top) or Milli-Q purified water (bottom). (B) The blue color intensity of the 
sensing strips was measured with ImageJ upon digital acquisition of each image. Upon 
storage for 7 months at room temperature, there is no significant difference in signal 
intensity as compared to freshly spotted spores. The signals have been corrected with 
respect to the blank and variations in color intensity are due to differences in 
environmental illumination while the pictures were taken. All data are shown as averages 
± 1 SEM (n=3). 

variety of environmental conditions, as previously described by our group with other 

spore-based platforms (149). 

To validate our recently developed paper strip biosensor we employed it in the 

detection of arsenic in a soil sample from Blanche Park in Miami, FL, that has been 

reported to have high levels of arsenic contamination. Levels of 3600 ± 800 ppb arsenic 

were detected using our paper strips (Figure 4.8). ICP-MS confirmed levels of 4200 ppb, 

indicating that the strips can be used to detect arsenic in environmental samples. The 

sensor was also employed to detect arsenic in water samples from Guanica Bay, Puerto 

Rico. No arsenic was dectable by our sensor or by ICP-MS analysis.  
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Figure 4.8. Analysis of arsenic levels in environmental samples. Sample 1 was taken 
from a water sample from Guánica Bay, Puerto Rico. No arsenic was detected using the 
paper strips or by ICP-MS analysis. Sample 2 was taken from Blanche Park in Miami, 
FL. ICP-MS confirms the presence of 4200 ppb arsenic. The paper strips also indicate 
3600 ±800 ppb arsenic which confirms the use of the paper strips for analysis of arsenic 
levels in environmental samples. 
 

For on-site applications, it is important to reduce assay time to analysis. 

Currently, the developed assay time described above is 4 h, including color development. 

Although this is a marked improvement on previously reported assay times that employ 

paper-based spore sensing (220), it may not be optimal for on-site detection. To further 

optimize the assay time for on-site detection, we investigated germinating the spores 

immobilized on the paper strip prior to incubation with the sample. We envision that if an 

on-site test is being completed, one could begin germinating the spores before leaving for 

the analysis. Thus, the innate stability of the spores could still be exploited until time for 

analysis. The spores immobilized on the paper strips were incubated in germination 

media at 37 °C and 250 rpm for various times (1, 2, 3, or 4 h). After incubation, 10 ppb 

arsenite was added to each sample and left at RT without shaking for 1 h. We chose 10 

ppb because that is the lower EPA limit for arsenic contamination in water samples. After 
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color development, it was found that a 3 h incubation time was optimal to see a color 

change significantly above the blank. Next, the strips were incubated for 3 h in 

germination media at 37 °C and 250 rpm. Then, 10 pbb was added to the sample and 

incubated for various times (15, 20, 25, 30, 35, 45, and 60 min). X-gal and lysozyme 

were added to the strips. After 40 min of color development, it was found that a 35 min 

incubation time in the presence of analyte gave a significant color change (Figure 4.9A). 

Additionally, were incubated the spores immobilized on the paper strips at RT without 

shaking overnight. This would be ideal if the on-site analysis was going to occur in a 

resource poor setting where electricity was not available. After ON incubation, 10 ppb 

arsenic was added to each tube and incubated for various times (15, 20, 25, 30, 35, 45, 

and 60 min). X-gal and lysozyme were added to the strips. As before, after 40 min of 

color development, it was found that a 35 min incubation time in the presence of analyte 

gave a significant color change as compared to the blank (Figure 4.9B). By germinating 

the spores before analysis, the assay time decreases significantly from 4 h to 75 min.  

4.4 Conclusions 

Herein, we have developed a portable paper strip sensing system based on 

genetically engineered B. subtilis spores immobilized on the surface of wax printed paper 

strips for the semi-quantitative visual monitoring of arsenic in environmental samples. 

The spores function as a stable vehicle for transport, storage, and preservation of the 

whole-cell sensing system that, when paired with a paper strip platform, allows for on-

site detection. Further, we have optimized the germination time of the spore on the paper 

strips to significantly decrease assay time (from 16 h to 3 h) and a long shelf-life (at least 

7 months), both of which make these spores more amenable for on-site detection. The use 



119 
 

 
 

of spores in conjunction with paper-based platforms can be used for a variety of 

environmental analytes for which cell-based biosensors are available to provide a robust, 

sensitive and selective sensor for on-site detection of environmental compounds (85, 

247). 

 
Figure 4.9. Spores immobilized on paper strips were germinated prior to incubation with 
10 ppb arsenite. (A) The strips were incubated at 37 °C and 250 rpm for 3 h. After 
incubation, 10 ppb arsenite was added to the solution and incubated for various time 
points before color development. (B) The strips were incubated at RT without shaking 
ON. After incubation, 10 ppb arsenite was added to the solution and incubated for various 
time points before color development. The color change is shown on the left and the 
quantified color intensities using ImageJ software is shown on the right of each figure. 
Data are shown as averages ± 1 SEM (n=3). 
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Chapter 5. Nanoparticle Mediated Remote Control of Enzymatic Activity 
 

5.1 Overview 

Nanomaterials with unique energy absorbing (e.g., radiofrequency, optical, etc.) 

and physical properties have built the foundation for a new field of remote controlled 

(RC) materials(248-250). Due to such unique features, these materials have found many 

uses in medicine and biotechnology (251-254). One example is the use of gold nanoshells 

for photothermal cancer therapy (255). These materials absorb energy in the form of 

near-infrared light (NIR) and dissipate it as heat, which can be applied to induce 

photothermal ablation of cancer cells. Additionally, Wijaya et al. demonstrated that laser-

induced melting of nanorods was shown to selectively release oligonucleotides from the 

nanorods, which may prove useful in drug delivery applications (256). Carbon nanotubes 

(CNTs) have also been used for their unique heating abilities in the presence of NIR and 

other wavelengths of energy. Miyako et al. were able to control the activity of two 

thermophilic enzymes, Taq DNA polymerase and cyclomaltodextrin glucanotransferase, 

via heating CNTs with NIR laser irradiation (257). This was one of the first 

demonstrations of remotely controlled enzymatic reactions using the heating properties of 

CNTs. Although these materials have been shown to be heated remotely, their uses in 

vivo are limited due to the minimal penetration depth of NIR light (258). To overcome 

this limitation, nanoparticles have been explored as an alternative source for the 

production of localized heat when exposed to an alternating magnetic field (AMF) (259-

261). Iron oxide nanoparticles are of particular interest because they not only function as 

heating sites and as vehicles for drug delivery, but they can also be visualized using 
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conventional imaging techniques (262-265). For instance, Thomas et al. developed a drug 

delivery system based on zinc-doped iron oxide nanocrystals encapsulated within 

mesoporous silica nanoparticles (266). When heated in the presence of an AMF, 

temperature responsive valves opened to release the encapsulated drug. Importantly, it 

was demonstrated that no compound was released in the absence of the field. Recently, 

Stanley et al. demonstrated that by coating iron oxide nanoparticles with antibodies, they 

could be targeted to a temperature-sensitive Ca2+ 267 ion channel ( ). When the 

nanoparticles are heated with an AMF, the channels open allowing for an influx of Ca2+ 

ions. In turn, a bioengineered Ca2+

Nanocomposites containing magnetic nanoparticles have also been used to 

enhance or control the properties of stimuli-responsive hydrogels (

 driven promoter is activated, thus intitiating the 

transcription of insulin. This is one of the first examples of using the heating properties of 

iron oxide nanoparticles to remotely control gene expression.  

268-271). There are 

numerous classes of stimuli-responsive hydrogels that have been developed and are able 

to, depending on their composition, respond reversibly to external stimuli such as 

temperature, pH, electric potential, and analyte concentration (272-274). By combining 

the remote heating capabilities of the nanoparticles with the stimuli-responsive properties 

of hydrogels, multifunctional materials can be designed for targeted applications such as 

drug delivery, hyperthermia cancer treatment, and as stimuli-responsive microfluidic 

valves (260, 275-277). Zadrazil et al. encapsulated iron oxide nanoparticles in a thermo-

responsive polymer poly(N-isopropylacrylamide), (PNIPAM), to form a temperature 

responsive hydrogel sponge that could release an oil, kerosene, in the presence of an 

responsive polymer with the iron oxide nanoparticles, a drug delivery system for 
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Figure 5.1. Schematic demonstrating enhanced activity of the enzyme in the presence of 
an AMF. a) L-2-HADST immobilized in a hydrogel network containing Fe3O4 
nanoparticles. At room temperature, the enzyme activity is minimal. In the presence of 
the AMF, the nanoparticles heat, thus heating the environment around the L-2-HADST 
and increasing the activity of the enzyme. b) L-2-HADST

 

 functions by replacing the 
halogen (X) on an L-2-haloalkanoate with a hydroxyl group. The result is the formation 
of an D-2-hydroxyalkanoate. 

hydrophobic compounds could be developed with on-demand release by exposure to an 

AMF. 

Herein, we demonstrate that by combining enzyme-modified responsive 

hydrogels with Fe3O4 nanomaterials, RC nanocomposites can be developed that could 

find applications not only in the remote decontamination of environmental samples, but 

also as “on/off” switches for heating and activating proteins in other biomedical, 

industrial, and pharmaceutical applications. Specifically, the incorporated Fe3O4

260

 

nanoparticles controllably heat the hydrogel matrix in the presence of an AMF, thus 

allowing for the remote control of the temperature within the system ( ). By exploiting 
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this selective heating capability, enhancement of catalytic activity was achieved by 

turning on the co-encapsulated thermophilic enzyme. The reactivity of the biomolecules 

is enhanced at higher temperatures (Figure 5.1a), where combining the divergent 

materials results in a remotely controlled system. Specifically, we demonstrated the 

ability to remotely activate a model enzyme, L-2-HADST

5.2 Materials and Methods 

, a thermophilic dehalogenase 

isolated and characterized from the thermophile archaea Sulfolobus tokodaii. This 

enzyme catalyzes the stereospecific dehalogenation of L-2-haloalkanoates to D-2-

hydroxyalkanoates (Figure 5.1b). By encapsulating the enzyme into the hydrogel, it 

allows for the use of the biocatalyst through many enzymatic cycles with different 

substrates without the need for complicated separation and/or regeneration steps. 

5.2.1 Chemicals and Apparatus 

Sodium hydroxide, sodium chloride, ammonium persulfate (APS), sodium 

phosphate dibasic, sodium phosphate monobasic, acrylamide, and bisacrylamide were 

purchased from Sigma (St. Louis, MO). L-2-chloropropionic acid (CPA), acrylic acid, 1-

ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), N-

hydroxysulfosuccinimide (Sulfo-NHS), tetramethylethylenediamine (TEMED), and 

glycine were obtained from Fisher Scientific (Pittsburgh, PA). All chemicals were 

reagent grade or better. All solutions were prepared using reverse osmosis water (Milli-Q 

Water Purification System, Millipore, Bedford, MA). Nanoparticles were purchased from 

Nanostructured & Amorphous Materials Inc. (Houston, TX). The 15-mL centrifuge tubes 

were purchased from Sarstedt (Newton, NC). Chloride concentrations were determined 

using a chloride ion selective electrode (VWR, West Chester, PA). Alternating magnetic 



124 
 

 
 

field studies were performed on an induction power supply (MMF-3-135/400-2, Taylor 

Winfield, Brookfield, OH) equipped with a solenoid (1.5 cm diameter, 5 turns). All 

results were analyzed using GraphPad Prism version 5.0 (GraphPad Software, Inc., La 

Jolla, CA). 

5.2.2. Enzymatic Activity Determination of Free L-2-HADST

A stock solution of CPA (10 mM) substrate was prepared in glycine buffer (20 

mM, pH 9.5). After addition of the substrate to the buffer, the pH was readjusted with 

NaOH to 9.5. From this stock solution, dilutions of CPA (0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 

mM) were prepared in glycine buffer (20 mM pH 9.5). Triplicate aliquots (2-mL) were 

obtained from each CPA solution. Then, L-2-HAD

 Using the Chloride ISE  

ST 

5.2.3 Hydrogel Fabrication 

(0.003 mg) was added to each 

sample and incubated for 10 min at 70 °C. Blank samples were prepared by adding an 

equivalent volume of glycine buffer to the protein without substrate. Upon cooling, a 

commercial chloride ISE was used to determine chloride concentration. 

  The first step of the covalent immobilization of the L-2-HADST into a hydrogel 

network involved the chemical conjugation of the lysine residues of the enzyme to the 

carboxylic groups of acrylic acid monomers using well-established carbodiimide-

mediated coupling reaction protocols. First, acrylic acid (170 µL of a 1 x 10-3 M stock 

solution) was added to a reaction mixture of EDC (0.115 mg) and sulfo-NHS (0.575 mg) 

and left to react at room temperature for 15 min. To this mixture, enzyme (2.0 mg) was 

added at RT for 2 h and left to react, without stirring, at 4 °C overnight. The conjugated 

protein was then centrifuged in an Amicon centrifuge filter with a 3000 MW cutoff to 

remove any unreacted acrylic acid.  
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Before polymerization of the hydrogels, the hydrogel cast was weighed, and the 

mass recorded. For hydrogel fabrication, acrylamide (300 mg) and bisacrylamide (576 

µL) were added to 2-(N-morpholino)ethanesulfonic acid (MES) buffer (2.35 mL, pH 5.5). 

Next, Fe3O4 (10% w/v) nanoparticles were added to the precursor solution, which was 

then sonicated for 20 min to disperse the Fe3O4 nanoparticles. After dispersion, either (2 

mL,1 mg/mL) of the L-2-HADST

5.2.4 Determination of Hydrogel Encapsulated L-2-HAD

-acrylamide functionalized enzyme or buffer (control 

hydrogels) were added to the solution. Next, APS (60 µL) and TEMED (25 µL) were 

incorporated into the solution and the hydrogels were allowed to polymerize for 1 h at 4 

°C. After allowing it to warm to room temperature, the hydrogel and cast were again 

weighed. The mass of the cast was subtracted from the mass of the hydrogel plus cast to 

get an accurate mass of the hydrogel. The polymerized matrix was then removed from the 

cast and washed overnight in 20 mM glycine buffer, pH 9.5, to remove any of the 

unreacted monomer from the hydrogel. The hydrogels were then cut into 4-mm diameter 

round pieces. Eight of these pieces were weighed and their masses averaged. This 

average was expressed as a percent of the total hydrogel mass. To estimate the average 

mass of protein in each hydrogel piece, the percentage of mass found for an individual 

piece was multiplied by the total protein concentration incorporated into the hydrogel 

matrix.  

ST

A stock solution CPA (10 mM) substrate was prepared in glycine buffer (20 mM, 

pH 9.5). After addition of the substrate to the buffer, the pH was readjusted with NaOH 

to 9.5. From this stock solution, dilutions of CPA (0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mM) 

were prepared in glycine buffer (20 mM, pH 9.5). Triplicate aliquots (2-mL) were 

 Activity in a Water Bath  
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obtained from each CPA solution. Hydrogel pieces were added to the solutions that either 

contained the immobilized L-2-HADST 

5.2.5 Long-Term Stability of Hydrogel Encapsulated L-2-HAD

or no protein (control hydrogels). Each sample 

was incubated for 30 min at 21 °C (room temperature), 50 °C (water bath), or 70 °C 

(water bath). They hydrogel pieces were immediately removed. Upon cooling to room 

temperature, a commercial chloride ISE was used to determine chloride concentration. 

ST

The activity of the enzyme was determined as described above. Specific activity 

was evaluated at 70 °C each month for three months from the same set of hydrogels.  

 in a Water Bath  

5.2.6 Alternating Magnetic Field Studies 

  The hydrogels with the encapsulated enzyme and control hydrogels were 

incubated at various field amplitudes for 10 min in the presence of CPA (0.5 mM). 

Simultaneously, hydrogels with the encapsulated enzyme and control hydrogels were also 

incubated for 10 min in the presence of CPA (0.5 mM) at room temperature. Next, the 

hydrogel was removed from solution, and the chloride concentration was measured. All 

measurements were blank subtracted to account for the chloride formation at room 

temperature. After determining the field amplitude for optimum enzymatic activity, an 

assay was performed to evaluate the enzymatic efficiency. Stock solutions of the 

substrate were prepared as described above. The hydrogels were exposed to a field 

amplitude of 26.2 kA/m for 10 min in the presence of various amounts of substrate as 

described previously, then the hydrogel was removed and the chloride concentration 

determined via the chloride ISE.  
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5.2.7 Time Study of Free L-2-HADST

A time study was performed to find an optimal incubation time for L-2-HAD

  

ST

5.2.8 Time Study of Hydrogel Encapsulated L-2-HAD

 

activity. The substrate concentration was kept constant at 2.0 mM CPA in 20 mM glycine 

buffer, pH 9.5. Each sample in triplicate was incubated for the desired time (5, 10, 15, 30, 

45, and 60 min) in a water bath at 70 °C. After incubation, the tubes were cooled to room 

temperature and a commercial chloride ISE was used to determine chloride 

concentration. 

The hydrogels were incubated in a 20 mM glycine buffer, pH 9.5, with 0.5 mM 

substrate for different time intervals (5, 10, 15, 20, 30, 45, and 60 min) in a water bath at 

70 °C. After incubation, the hydrogels were removed and the samples allowed to cool to 

room temperature. The chloride concentration was then determined via a commercial 

chloride ISE.  

ST 

5.2.9 Heating Profile of Hydrogel  

The wet hydrogel was wrapped in saran wrap and placed on the top of the coil of 

the AMF apparatus. The field strength was set at 19.9 kA/m and the temperature of the 

hydrogel was visualized using an AGEMA Thermovision 470 IR camera (FLIR, Boston, 

MA). 

5.3 Results and Discussion 

L-2-HADST catalyzes the dehalogenation of organic compounds, such as the 

model substrate S-2-chloropropionic acid (CPA). The reaction results in the 

stereospecific dehalogenation of CPA and formation free chloride, which can be 

measured by a chloride ion-selective electrode (ISE). L-2-HADST has optimal activity at 
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pH 9.5 and 70 °C, and maintains its activity when immobilized on a solid matrix (278). 

The demonstration of the long-term activity of the enzyme in solution, as well as its 

ability to work under extreme conditions and retain activity upon immobilization, 

allowed us to formulate the hypothesis that L-2-HADST

278

 can maintain its enzymatic 

activity after chemical conjugation to acrylic acid monomers and polymerization into a 

hydrogel network. Purification of the enzyme used for all the studies was performed 

using a previously established protocol ( ). After purification, L-2-HADST was 

incorporated into a hydrogel network by chemical conjugation to acrylic acid functional 

groups via the lysines on the protein. An acrylamide hydrogel containing the L-2-HADST 

was then polymerized with 1.5 wt% bisacrylamide crosslinking in the presence of 10% 

(w/v) Fe3O4

279

 nanoparticles. Previous modeling studies indicated that such a nanoparticle 

concentration would be needed to reach and maintain the desired temperatures.( ) 

Additionally, a control hydrogel was polymerized by replacing the enzyme solution with 

the same volume of 20 mM glycine buffer, pH 9.5. The hydrogel was used as a 

mechanism by which the encapsulation of both the enzyme and the nanoparticles was 

possible, thereby allowing for remote heating of the system in the presence of an AMF. 

This is envisioned to allow for activation of the system for bioremediation capabilities 

with facile recollection of the materials when the process is finished. Although this 

technique was implemented to immobilize the enzyme in the hydrogel, other strategies 

may be employed to directly immobilize enzymes to the nanoparticles (280). The 

immobilization can lead to enhanced stability of the enzyme, as previously demonstrated 

(281). 
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With the enzyme incorporated into the hydrogel network, a time study was 

conducted to determine the optimal incubation time for the substrate. The hydrogel-

encapsulated enzyme was incubated with 0.5 mM CPA for various periods of time 

ranging from 10 min to 1 h at 70 °C. The incubation time used for subsequent studies was 

determined to be 30 min (Figure 5.2a). Although the time study showed a constant 

increase in activity over the hour incubation, the 30 min time point is long enough to 

detect activity significantly above the blank, yet short enough to optimize assay time. 

After determining the time of incubation for the hydrogel-encapsulated enzyme with the 

substrate, it was important to demonstrate the activity trend when exposed to varying 

temperatures. To demonstrate temperature effects on activity, we evaluated the enzyme 

turnover at three different temperatures (~21, 50, and 70 °C). The highest temperature 

chosen was 70 °C, the optimal temperature for enzyme activity. Higher temperatures 

were not used because the aim of the study was to evaluate if the enzyme could be 

remotely heated using an AMF, not to determine stability of the hydrogel-encapsulated 

enzyme. First, the activity of the hydrogel-encapsulated enzyme at room temperature 

(RT, ~21 °C) was evaluated. The hydrogels were placed in a 20 mM glycine buffer, pH 

9.5, containing various substrate concentrations (Figure 5.2b). After incubating for 30 

min, the hydrogels were removed and the chloride concentration was measured. For each 

substrate concentration, triplicate measurements were performed using hydrogels 

containing the enzyme and control hydrogels prepared in the absence of the enzyme. The 

latter was used to determine the contribution of substrate autohydrolysis during the 

incubation period, which was taken into account by subtracting the chloride concentration 

in the controls from the total chloride concentration in the test samples. The protein in the 
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hydrogel was found to have a kcat of 4.02 ± 0.18 × 10-5 s-1 and a Km of 1.03 ± 0.27 mM. 

Furthermore, the enzymatic efficiency at room temperature was found to be 0.39 ± 0.10 × 

10-4 mM-1 s-1

 

. 

Figure 5.2. Enzymatic activity of L-2-HADST immobilized in a hydrogel in a water bath. 
a) The protein was encapsulated in the hydrogel and a time study was performed by 
allowing the nanocomposite hydrogel pieces to incubate with 0.5 mM CPA for various 
periods of time. Data are blank subtracted and shown as averages ± one standard 
deviation (n=3). The time point chosen for subsequent experiments was 30 min. b) To 
test the activity of the immobilized protein, the hydrogel-encapsulated L-2-HADST

 

 was 
incubated for 30 min at 21 °C (circles), 50 °C (squares), and 70 °C (triangles) with 
various concentrations of CPA. Data are blank substracted and shown as averages ± one 
standard deviation (n=3). 

Next, the activity of the hydrogel-encapsulated enzyme was evaluated at 50 °C, 

which is still lower than the optimum temperature for reactivity (70 °C). The experiments 

were performed as described above by incubating for 30 min at 50 °C in a water bath. 
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After the incubation period, the hydrogels were removed and the samples allowed to cool 

to room temperature before measuring the chloride concentration. The enzyme was found 

to have a kcat of 17.9 ± 2.6 × 10-5 s-1 and a Km of 0.41 ± 0.01 mM. The enzymatic 

efficiency was 4.39 ± 0.65 × 10-4 mM-1 s-1, representing a >7 fold increase in 

functionality as compared to the system at room temperature, which was expected as L-2-

HADST is a thermophilic enzyme with optimal reactivity observed at higher 

temperatures. Additionally, the Km 

Finally, the experiments were repeated as above by incubating the hydrogels for 

30 min in a water bath at 70 °C, the optimum temperature for enzymatic activity. The k

also decreased at 50 °C compared to the hydrogel at 

room temperature. This demonstrates that the enzyme is still able to more favorably bind 

the substrate for enzymatic activity at the higher temperature when encapsulated in the 

hydrogel.  

cat 

was determined to be 27.6 ± 0.6 × 10-5 s-1, the Km was 0.52 ± 0.15 mM, while the 

enzymatic efficiency was 5.33 ± 1.54 × 10-4 mM-1 s-1. The efficiency increased by almost 

1.5 times when the hydrogel encapsulated enzyme was heated at 70 °C as compared to 50 

°C and by ~15 fold as compared to the enzyme at room temperature. This remarkable 

increase in activity as a function of temperature is based upon the thermophilic nature of 

the system. To that end, higher temperatures are required for maximal activity. The Km 

value did not vary significantly for the enzyme at 70 °C as compared to 50 °C. Previously 

published studies also suggest that the Km values at these temperatures are 

comparable.32,36 Unfortunately, global heating of the system, which includes the hydrogel  
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and surrounding environment, is highly energy inefficient and can result in unwanted side 

effects. This is especially true when applying the materials for selective functionality in a 

complex matrix.  

 

Figure 5.3. Enzymatic activity of free L-2-HADST. a) The protein was incubated at 70 °C 
with 2 mM CPA for various periods of time. Data are blank subtracted and shown as 
averages ± one standard deviation (n=3). The optimal incubation time chosen was 10 
min. b) To test the activity of the free protein, 0.003 mg L-2-HADST

 

 was incubated at 70 
°C in the presence of various concentrations of CPA for 10 minutes. Data are blank 
subtracted and shown as averages ± one standard deviation (n=3).  

 
Studies were also carried out to characterize the free enzyme in order to compare 

its activity to that of the enzyme immobilized in the hydrogel network. A time study was 

performed using 2.0 mM of CPA (Figure 5.3a), which demonstrated an optimal 

incubation time at 70 °C of 10 min. Next, L-2-HADST was incubated with various 

concentrations of substrate in 20 mM glycine buffer, pH 9.5 for 10 min and its activity 
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was measured by determining the concentration of chloride with an ISE. Characterization 

of the Michaelis-Menten kinetics (Figure 5.3b) found a kcat of 213.4 ± 8.7 × 10-5 s-1, Km 

of 1.25 ± 0.16 mM, and an enzymatic efficiency (kcat/Km) of 17.02 ± 2.28 × 10-4 mM-1 s-

1

282

. The activity of the free enzyme in the water bath at 70 °C was compared to the 

hydrogel-encapsulated enzyme at varying temperatures are summarized in Table 5.1. 

From this study, it was determined that the enzymatic efficiency of the immobilized 

enzyme was about 30% of the efficiency of the free enzyme at the same temperature; 

however, activity was maintained even after protein modification and hydrogel 

encapsulation. A decrease in enzymatic efficiency was seen previously when the enzyme 

was immobilized on a sepharose resin ( ). The decreased enzymatic efficiency 

observed in our study is likely due to the immobilization of the enzyme in the hydrogel 

network and the diffusion limitation of the substrate into the hydrogel (283-284). By 

conjugating the enzyme to the hydrogel through non-specific lysines, some protein may 

become denaturated, or the enzymatic pocket may become inaccessible to the substrate as 

a result of immobilization. Even so, the enzymatic efficiency increased with increasing 

the temperature from room temperature to the optimum temperature for activity (70 °C) 

within the hydrogel. This suggests that although there may be enzyme molecules where 

the binding pocket is inaccessible to the substrate, there is a significant fraction of 

immobilized enzyme that maintains function. 

Once the above parameters were established, we hypothesized that the hydrogel 

with encapsulated Fe3O4 nanoparticles could be heated remotely via an AMF, thus 

increasing the activity of the incorporated enzyme. Successful remote heating would 

allow for use of the materials in self-contained remote sites, making them ideal for 
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environmental field applications. Initially, studies were performed with the hydrogel-

encapsulated enzyme containing Fe3O4 nanoparticles to ensure that it could be remotely 

heated to 70 °C, which is required for optimum L-HADST activity. The hydrogels were 

exposed to a magnetic field amplitude of 19.9 kA/m for 15 min on an induction power 

supply equipped with a solenoid (1.5 cm diameter, 5 turns). Using this approach, the 

temperature of the hydrogel was measured every 30 s with an infrared thermal imaging 

camera. Approximately 2.5 min into the exposure, the hydrogel heated to 70 °C and 

maintained that temperature for at least 15 min (Figure 5.4a). The images taken using the 

IR camera demonstrate that when the hydrogel was not in the presence of the AMF 

(time=0), there is no heating. After exposure to the AMF after 60 seconds, the hydrogel 

begins to heat up and continues to do so until about 150 seconds. At this time, the 

hydrogel is at the maximum temperature for that field amplitude and it maintains that 

temperature until the field is removed (Figure 5.4b). Although this study was important to 

demonstrate that the temperate could be controlled in a narrow range by heating with the 

AMF, the temperatures were measured with an IR camera and not in solution. Due to the 

need for the hydrogel-air interface, the parameters used in this study may not directly 

correlate to the system when immersed in buffer. Therefore, further optimization for the 

hydrogel heating had to be conducted for the hydrogel in solution. This was assessed by 

using 0.5 mM substrate and measuring L-2-HADST

 

 activity after a 10 min exposure time 

to various magnetic field amplitudes (14.2, 21.7, 26.2, and 30.6 kA/m). As a control, the 

hydrogels were incubated with 0.5 mM substrate for 10 min at room temperature in the  
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Table 5.1. Summary of kinetic data for L-2-HADST

 

 under various conditions. Data are 
shown as averages ± one standard deviation (n=3). 

FP, 
70 °C* 

HE, 
21 °C 

HE, 
50 °C* 

HE, 
70 °C* 

HE, 
AMF 

k
(x 10

cat 
-5 s-1

213.4 ± 
8.7 ) 

4.02 ± 
0.18 

17.9 ± 
2.6 

27.6 ± 
0.6 

31.3 ± 
8.1 

 
K

(mM) 
m 1.25 ± 

0.16 
1.03 ± 
0.27 

0.41 ± 
0.01 

0.52 ± 
0.15 

0.30 ± 
0.07 

 
kcat/K

(x 10
m 

-4 mM-1s-1
17.02 ± 

2.28 ) 
0.39 ± 
0.10 

4.39 ± 
0.65 

5.33 ± 
1.54 

10.11 ± 
3.52 

 
*incubation in a water bath at the specified temperature 
FP- Free protein, HE- hydrogel-encapsulated protein 

 

Figure 5.4. Demonstration of heating capabilities of the nanocomposite hydrogels when 
exposed to the AMF. They hydrogels were exposed to a magnetic field amplitude of 19.9 
kA/m for 15 min on an induction power supply equipped with a solenoid (1.5 cm 
diameter, 5 turns) a) and the temperature was plotted at each time point, and (b) A picture 
was taken with an IR camera every 30 sec. The IR images of four time points (0 sec, 60 
sec, 420, and 900 sec) are shown. 
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absence of the AMF. The control chloride concentration was then subtracted from the 

values found in the samples exposed to the field to ensure that the enzyme activity was 

due to the field and not to other environmental factors. As expected, as the field 

amplitude increased, the activity of the enzyme increased; however, as the amplitude 

passed 26.2 kA/m, the activity decreased (Figure 5.5a). This is consistent with previous 

data where the activity of free L-HADST

278

 decreased after the temperature increased over 

70 °C, possibly due to protein denaturation ( ). Although this study does not allow for 

direct correlation of field amplitude to temperature, it demonstrated that the activity of 

the enzyme followed a similar trend in the presence of the AMF as it did when heated in 

the water bath. Therefore, it was determined that the optimum activity was obtained at a 

field amplitude of 26.2 kA/m, which was used for all subsequent activity experiments. 

Characterization of the remotely heated hydrogels was performed by determining 

enzymatic activity after a 10 min incubation time at 26.2 kA/m in the presence of various 

substrate concentrations (Figure 6.5b). From this study, the enzyme was determined to 

have a kcat of 31.3 ± 8.1 × 10-5 s-1 and a Km of 0.30 ± 0.07 mM. The catalytic efficiency 

of L-2-HADST was found to be 10.11 ± 3.52 × 10-4 mM-1 s-1 (Table 5.1). The kcat 

increased when the hydrogel was heated with an AMF and the Km decreased. This 

suggests that the affinity of the substrate to the enzyme increased when heated with the 

AMF, which indicates the remote heating is a more efficient heating method for optimal 

activity as compared to external approaches. Furthermore, the increase in kcat 

demonstrates that the product turnover is higher when heated in the AMF as compared to 

the water bath. 
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Figure 5.5. Investigating the AFM power setting for the activation of L-2-HADST

 

. a) To 
find an optimal power setting on the alternating magnetic field, the hydrogels were 
incubated in the specified field strength for 10 minutes in the presence of 0.5 mM CPA. 
The optimum field amplitude was determined to be 26.2 kA/m. b) The hydrogels were 
then placed at this field strength in the presence of various substrate concentrations. After 
10 min incubation, the chloride concentrations were measured to calculate the specific 
activity of the enzyme. Data are blank subtracted and shown as averages ± one standard 
deviation (n=3). 

This is interesting because the time of exposure, and thus the heating, in the AMF (10 

min) is three times less than in the water bath (30 min), which indicates that the enzyme 

reaches and maintains the optimal temperature more rapidly in the AMF. Interestingly, 

compared to the free protein, the kcat of the immobilized enzyme does decrease. Such 

results were previously observed when the enzyme was immobilized via the lysine 
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residues on sepharose beads. The kcat of the free enzyme is roughly 10 times greater than 

the encapsulated materials, which, as discussed previously, likely arises from the 

diffusion limitation of the substrate through the porous hydrogel and the modification of 

the enzyme for hydrogel encapsulation. It is important to note, however, that the purpose 

of this study was not to compare the activity of the free and hydrogel-encapsulated 

protein, but to evaluate the efficiency of remotely controlling the heating of the enzyme 

in a system that is easily recoverable. Therefore, the more significant value in this work is 

the comparison of the kcat

Figure 5.6. Demonstration of long-term stability of hydrogel encapsulated enzyme over a 
three month period. Each month, the hydrogels were incubated with varying substrate 
concentrations and heated via a water bath at 70 °C. Data are shown as averages ± one 
standard deviation (n=3). 

 of the hydrogel-encapsulated enzyme heated in the water bath 

versus heated in the AMF.  

 

 
 

To study the long-term stability of the enzyme-encapsulated hydrogel, the same 

nanocomposite systems were used over a three month period. The specific activity was 

calculated and plotted every month for three months. Enzymatic activity was maintained  

even after storage at 4 °C in glycine buffer for the three month period (Figure 5.6). As 

evident, no decrease in activity was observed over this time period indicating potential 

long-term stability.  
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Based on our results, numerous enhancements over conventional enzymatic 

applications can be achieved using the nanocomposite system. First, the data show that 

the catalytic efficiency increased two-fold when the hydrogels were heated via the AMF 

instead of the water bath at 70 °C. Furthermore, the sample incubation time for the AMF 

system required heating for only 10 min, as compared to 30 min required by the water 

bath. The system not only has efficient localized heating, but also requires less time to 

achieve higher catalytic output as compared to the hydrogel in the water bath. This is 

because the AMF exposure generates highly localized heating at the reaction location in 

the system. Due to the encapsulated Fe3O4 nanoparticles, the system reaches higher 

internal temperatures more rapidly than when using traditional heating methods. 

Unfortunately, the internal temperature of the hydrogel could not be determined, but this 

could be predicted through modeling/simulations33

5.4 Conclusions 

 or determined after the development 

of an appropriate measurement technique. Second, based upon the design of the 

composite system, recyclability of the functional materials can be readily achieved. By 

having magnetic materials encapsulated in the hydrogel, magnetic separation can be 

applied to extract the functional materials from complex mixtures. This is important for 

the long-term recyclability, while minimizing the need to produce excessive amounts of 

enzyme. To that end, multiple sets of the composite material were functional for at least a 

3 month period.  

In conclusion, the formation of a novel composite system for remote controlled 

enzymatic activity has been demonstrated. This system consists of a hydrogel, a 

thermophilic enzyme, and magnetic nanoparticles for remote heating in the presence of 
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an AMF. The activity of the system was enhanced via AMF-based heating as compared 

to conventional heating methods due to the composite nature of the materials. Such 

materials can be readily dispersed in environmental systems for facile, remote 

contaminant degradation that is difficult to achieve using current technologies. It is 

envisioned that our approach can be applied to the creation of other materials that 

incorporate biological or synthetic elements that can be activated via an “on/off” switch 

and used in a variety of industrial, environmental and medical applications. 
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Chapter 6. Conclusions and Future Perspectives 
 

Nature has endowed us with cellular and molecular entities that can act as tools to 

perform biological recognition and actuation events by binding to analytes with high 

specificity, performing difficult reactions with ease via enzymes, and being adaptable to 

various environmental insults such as extreme temperatures and pH. With current 

advancements in technology, these proteins and cells can be exploited for a plethora of 

environmental and biomedical applications. Further, they can be genetically and 

chemically modified to further expand their use in bionanotechnology. The goals of this 

dissertation were to exploit the exquisite molecular recognition and actuation properties 

of biological systems by designing biosensing and bioremediation systems for a host of 

biomedical and environmental applications.  

 Chapter two demonstrates the utility of whole-cell biosensors to explore 

interkingdom communication between a mammalian host and its microbiome. It is well 

established that the microbiome plays a key yet still mostly unknown role in human 

physiological functions. Previous work has demonstrated that mammalian signaling 

molecules, such as epinephrine and norepinephrine, can interfere with bacterial quorum 

sensing, and thus play a role in bacterial communication (152). In this chapter, we 

focused on investigating whether a key mammalian neurotransmitter, namely serotonin, 

play a role in the mammalian host-microbiome interactions. Specifically, we investigated 

the potential Janus behavior of serotonin to act both as a mammalian neurotransmitter 

and as a quorum sensing molecule for the opportunistic pathogen P. aeruginosa, thus 

potentially crossing the mammalian and bacterial Kingdoms, and being identified as an 

interkingdom communication molecule. Using both an E. coli whole-cell biosensor based 
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on the regulatory protein LasR from the P. aeruginosa quorum sensing network and P. 

aerugniosa cells lacking the synthase for quorum sensing molecules, we were able to 

demonstrate that serotonin is able to act as a quorum sensing molecule on the las quorum 

sensing pathway. This is the first demonstration that serotonin not only acts as a 

mammalian neurotransmitter, but also plays a role in bacterial signaling. Although our 

work demonstrates serotonin’s ability to interfere with quorum sensing in vitro, more 

studies need to be performed in vivo to fully understand the implications of this finding. 

A mammalian model has been developed by our lab to assess the presence of serotonin 

on P. aeruginosa infections. Further, serotonin agonists and antagonists, which have been 

employed for the treatment of diseases such as IBS (285), will be administered to 

determine what effect, if any, these have on the progression of infection. This can be 

monitored by determining cytokine expression daily and performing histology studies in 

the infected animals. A challenge related to understanding the mechanism by which 

serotonin interacts with LasR is the difficulty in purifying functional LasR. This may be 

overcome by employing two different strategies. First, the quorum sensing regulatory 

protein, QscR, which binds to the same ligand as LasR and has been isolated (286), can 

be used to perform binding studies with potential QSMs. This may give insight into the 

interaction of serotonin with the quorum sensing proteins of the bacterial 

communications circuitry. Second, the structure of LasR can be truncated and used in an 

analogous manner as that of the above-mentioned whole-cell sensing system. By 

truncating LasR, portions of the amino acid sequence can be selectively removed, i.e., the 

cognate ligand binding site, and determine if the addition of serotonin still activates the 

sensor. This truncation method has been successfully demonstrated previously with LuxR 
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to elucidate which termini is responsible for autoinducer binding (287), thus, it seems 

only natural that it could also be employed in interkingdom communication studies that 

could aid in unraveling the role of serotonin as a part of the bacterial signaling circuit. 

 Chapter three describes the evolution of a whole-cell biosensing system. In this 

chapter, a model whole-cell based sensing system based on the ArsR regulatory protein is 

employed to demonstrate the versatility of whole-cell biosensing systems. Initially, the 

whole-cell biosensor was designed for the detection of arsenic both in solution and in 

environmental samples. The biosensor was then employed to detect organoarsenicals, a 

class of arsenical compounds known to be highly toxic and widely used in warfare. After 

demonstrating the feasibility of employing our biosensing systems in conventional 

platforms, i.e., test tubes, microtiter and CD microfluidic platforms, we developed a 

paper-based biosensing platform. The design of this paper platform involves using a 

computer program for precise design, such as the Computer Aided Design, CAD, of the 

needed fluidics for sensing. Once the design is ready, a wax printer is employed to print 

the design and obtain the desired paper microfluidic platform. We also explored the 

preservation of our cell-based biosensing system for long-term storage and transport of 

our biosensors. For that, the sensing cells were sporulated, deposited in the paper 

platform and kept until needed. When sensing was needed, the cells were germinated and 

employed for sensing of the target molecule, thus demonstrating a method for the 

preservation of the whole-cell biosensor. Moreover, this method of spore preservation 

immobilized on paper strips is not only a demonstration of a long-term storage of a 

biosensor, but also of an easy to transport portable platform. In an effort to demonstrate 

the ability of our whole-cell sensing systems as living detection systems, we explored the 
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possibility of employing nematodes as the sensing vehicles. The advantage of using 

entire organisms, such as nematodes, over whole cell bacterial sensing systems is their 

mobility once they are deployed in the detection area. The nematode that we chose to 

employ in our system is C. elegans. We constructed our living nematode biosensing 

systems by allowing a strain of genetically engineered C. elegans which have GFP fused 

to the Arsenite-inducible RNA-associated protein, which causes the worm to fluoresce in 

the presence of arsenic elegans to consume the whole-cell biosensor and then place the 

worms in a solution containing arsenic. The response of these living worm biosnesors 

may find applications that micro-and nano-scale whole-cell and protein-based sensors 

cannot reach. The many demonstrated uses of whole-cell biosensors inspired chapter four 

where we focus on an in-depth look at the design, preparation, and enablement of spore 

based paper strip testing devices. Although this technology was introduced in chapter 

three as a feasibility concept, it was not fully optimized. In chapter four, we fabricated 

paper strips using the wax-based printing method in conjuction with depositing bacterial 

spores harboring plasmid pMUTin-23. A series of conditions for the use of spores in 

storage as well as living biosensors were explored. For example, we were able to enhance 

germination time significantly and reduce assay time by 75% while maintaining the same 

detection limits by identifying key nutrients and optimal conditions for germination of the 

dormant spore biosensors. With the advances in molecular biology and directed 

evolution, whole-cell biosensors can be tailored for altered specificity, enhance signal 

detection, or create novel sensing systems (288). Additionally, due to the innate 

selectivity of whole-cell biosensors, multiple whole-cell biosensing systems which can 

each detect a different analyte of interest (i.e. arsenic, hydroxylated polychlorobiphenyls, 
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and zinc) can be immobilized on designer wax-printed platforms to develop multiplex 

assays. Further, if B. subtilis or other sporulating organisms are used, the sensor could be 

sporulated for long-term storage and germinated when needed for sensing. Other factors 

enhance germination time, such as high pressures and temperatures, and mechanisms to 

facilitate these factors could be implemented on devices used for sensing purposes (289). 

Other higher organisms, such as plants, can also be genetically manipulated or be in 

symbiosis with whole-cell sensing bacteria to sense their environment (290).  

In chapter five, we demonstrate that the enzymatic function of a thermophilic 

enzyme can be activated and controlled remotely for sensing and bioremediation 

applications. This was achieved by conjugating the thermophilic enzyme L-2-halaoacid 

dehalogenase from the organism Sulfolobus tokodaii to a polymeric hydrogel network 

containing iron oxide nanoparticles that can be addressed and heated remotely. 

Specifically, the protein was immobilized and polymerized onto the hydrogel via 

chemical polymerization trough the acrylic acid functional groups of the acrylamide/bis-

acrylamide hydrogel network that contained iron oxide nanoparticles. In the presence of 

an alternating magnetic field, the iron oxide nanoparticles are heated up, thus heating the 

thermophilic L-2-halaoacid dehalogenase enzyme. Our studies showed that the activity of 

the enzyme was directly dependent on the field strength of the alternating magnetic field. 

This was the first study to demonstrate the remote heating, and thus activation of activity, 

of an enzyme using an alternating magnetic field can be employed to perform a sensing 

and a biodegradation/bioremediation function. It should be noted that the biohybrid 

material prepared was functional upon storage for at least three months, making it 

amenable for field applications. Further, the enzyme immobilized in the biohybrid 
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material had a two-fold increase in specific activity as compared to the enzyme free in 

solution. Additionally, due to the ability of the iron oxide nanoparticles reach higher 

temperatures rapidly in the presence of an AMF, this efficiency was achieved in one-third 

of the time when the system was heated with an AMF as compared to conventional 

heating techniques. The iron oxide nanoparticles would also allow for facile magnetic 

separation of the biohybrid material from complex mixtures, which enhances the 

reusability of the system. Future directions in this work would include direct 

immobilization of the protein to the iron oxide nanoparticles, rather than the hydrogel 

network site specifically by modifying the protein amino acid sequence with natural or 

non-natural amino acids to facilitate the immobilization (291-292). The utility of the 

system in environmental samples from sites contaminated with polyhalogenated 

compounds also needs to be evaluated. Additionally, other thermophilic enzymes with 

environmental or biomedical relevance can be employed to develop novel materials 

which can be remotely turned on or off and have uses in vivo. By pairing an enzyme with 

a hydrogel which has its own temperature dependent properties (i.e., swelling or 

shrinking as a response to temperature), not only can one control the enzymatic activity, 

but also the accessibility of the substrate to the enzyme. Further, certain enzymes such as 

Taq polymerase can be incorporated into a hydrogel nanocomposite network to facilitate 

remotely controlled PCR and have a system in which the polymerase may be reusable 

(293). Other materials, such as gold nanorods and carbon nanotubes, which are heated 

using near infrared light can also be explored in conjunction with thermophilic proteins to 

develop nanocomposite materials for remote control of biological activity in a variety of 

biomedical and environmental applications.
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