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Abstract 
 

This thesis describes a new type of biosensor, which reports the presence of a target by 
generating a smell that can be easily detected by the human nose. This approach is 
radically different from, but complementary to, colorimetric based reporting and it paves 
the way for the development of multi-sensory biosensors that can be used in a variety of 
fields, such as diagnostic device, food processing and environmental monitoring 
 
Biosensors typically consist of two parts: a bio-recognition element and a signal 
transducer.  The biorecognition element is the component that can specifically interact 
with its cognate target, while the transducer produces a signal that can be easily identified.  
The key element of the smell generating biosensor is the enzyme tryptophanase (TPase), 
which was used as the signal transducer. This enzyme uses either L-tryptophan or S-
methyl-L-cysteine as substrates, to produce either indole or methyl mercaptan as final 
products- both molecules are easily detectable by the human nose. Proof-of-concept for 
this biosensor was achieved by performing an enzyme-linked immunosorbent assay 
(ELISA) on magnetic beads with detection of IgG from rabbit serum (the target) in a 
sample and reporting the presence of the target through the generation of a smell (either 
indole or methyl mercaptan, depending on the substrate used). 
 
The potential use of TPase for biosensing was further expanded by creating a bienzyme 
system that allows specifically detecting of adenosine-5’-triphosphate (ATP) and 
reporting its presence by generating a smell.  This bienzyme system is based on the fact 
that TPase activity is greatly affected by the concentration of pyridoxal phosphate (PLP)- 
which acts as a cofactor that modulates enzyme activity.  The enzyme pyridoxal kinase 
PKase catalyzes the phosphorylation of pyridoxal to PLP in the presence of ATP.  The 
more ATP presents, the more PLP is produced per unit time.  If this occurs in the presence 
of TPase, larger concentrations of ATP in samples will result in higher amounts and faster 
rates of PLP formation, leading to increased activity of TPase, hence faster generation of 
either indole or methyl mercaptan is achieved.  This bienzyme was used for the detection 
of DNA molecules with a specific sequence as well as for the detection of microbial cells 
through smell generation. 
 
Most widely used biosensors require immobilization of the biologically active elements 
on a stable surface.  Paper, being a cheap and easy accessible substrate, was used for 
fabrication of the olfactory-based biosensor.  Poly(N-isopropylacrylamide-co-vinylacetic 
acid) (PNIPAM-VAA) microgels with functional groups present on their surface were 
modified by biotinylation and loaded with streptavidin/avidin (to be prepared as a 
platform for further biomolecule immobilization). The microgels were then used as a 
supporter for the bienzyme system on filter paper to construct a paper-based smell-
generating biosensor, which opens the way for the creation of printable smell-reporting 
printable bio-inks.  
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Chapter 1  Introduction  
 
Biosensor technology has been fast gaining popularity in various areas, including medical 
diagnostics 1, food safety evaluation 2, and environmental monitoring. 3  A biosensor 
was first described in 1962 by Clark for the detection of glucose.4  Shortly thereafter, 
glucose, lactate and alcohol biosensors were commercialized in the 1970s.5  The total 
biosensor market was estimated to be $10.8 billion by 2007. 6  Compared to traditional 
analysis methods, biosensors provide rapid, simple, sensitive, selective and low cost 
detection.   
 
A biosensor is defined as an analytical device that consists of a biorecognition element 
and a transducer.  It is a special form of chemical sensor.  If an analyte is present, the 
bioelement will interact with the analyte and trigger signal generation or amplification 
through the transducer.  The mechanism for a biosensor is shown in Figure 1.  
 

 
Figure 1  Principle and mechanism of a biosensor  

 
The bioelement in a biosensor has the ability to recognize an analyte and interact with it.  
A biosensor obtains specificity from the specific recognition ability of the bioelement, 
which could be an enzyme 1, antibody 7, nucleic acid 8, cell 9, or tissue 10 , among which 
enzymes and antibodies are the most commonly used.  For example, the glucose sensor 
which possesses a large percent of the biosensor market uses glucose oxidase and 
horseradish peroxidase as its bioelement, 1 and most pregnancy test kits on the market use 
antibodies to bind the target protein, human chorionic gonadotropin hormone, in urine. 11  
 
A transducer is defined as that part of a device that converts an observed physical or 
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chemical change into a measurable signal. 12  An electrode 13, piezoelectric crystal 14, 
oxygen optrode 15,  microthermopile 16, polymer 17 , or enzyme 7 could be employed as a 
transducer in the biosensor.  Depending on the transducer used, a biosensor can be 
classified as a piezoelectric biosensor 14, electrochemical biosensor 13, calorimetric 
biosensor 16, ion-sensitive (pH sensitive) biosensor 17, acoustic biosensor 18, colorimetric 
biosensor 19, and so on.   
 
In a biosensor, the bioelement is usually immobilized on the sensor support or sensor 
surface using different kinds of methods, such as entrapment, covalent bonding, 
adsorption, and encapsulation.  Immobilized recognition units usually provide accurate 
measurement and easier manipulation.  The support surface could be made of metal, 
crystal, polymer, paper and so on.   
 

1.1 Paper-based Biosensor  
Being used as a support surface, paper is inexpensive, easily accessible, easily printed or 
coated, and porous.20  Paper-based biosensors (bioactive paper) are defined by VTT, a 
Finnish research organization, as “paper-like products, cardboard, fabrics and their 
combinations, etc., with active recognition and/or functional material capabilities”. 21  
Researchers have been making efforts to utilize paper-based biosensors in diagnostic 
applications, food safety control, water treatment and virus detections.20   
 
There are several advantages in utilizing paper as a support: 1) paper is easily accessible 
and cheap,  2) paper has a porous structure for easy capture and chromatographic 
separation,  3) paper can be easily printed and patterned,  4) paper is biodegradable and 
environmentally friendly.  Existing commercialized bioactive paper products include 
dipstick test kits, viruses-killing tissue and antibacterial non-woven fabric. 20  For 
research purpose, efforts have been made to produce bioactive paper for detection of 
various analytes, such as toxins 22, pathogens 23, bacteria 24 and DNA 25.   
 
For example, Zhao et al utilized DNA aptamer modified nano gold particles on paper to 
detect target DNase I, as shown in Figure 2.  The presence of the target decomposes the 
DNA structure between nano gold particles, causing aggregation and color change.     
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Figure 2  A paper-supported biosensor measuring the presence of DNase. Decomposition of the 

stabilizing chains on the nanoparticles causes them to aggregate and give a color change. 20 
 
Because of the structure of paper, immobilization strategies for biosensors on paper 
include physical adherence, chemical or biochemical coupling and bioactive pigment. 20  
Physical adherence is attaching biosensors to the pores or surface of paper cellulose by 
Van der Waals and electrostatic forces.  Chemical or biochemical immobilization of 
biosensors is achieved through chemical modification and covalent bonding to link the 
biosensor to paper cellulose, cellulose binding modules or other biochemical binding 
agents.  
 
The immobilization methods also rely on material science progress.  The development 
of polymer science and nano material technology has enhanced immobilization efficiency 
and biological activity.  Paper has a complicated chemistry on its surface, so polymers 
and nano particles are usually used as supporters for biomolecules to separate them and 
stabilize their activity.  Nano-materials, such as carbon nano-tubes and gold 
nano-particles, possess special physical and chemical properties, including a high surface 
to volume ratio, electron transfer particularity, self-assemble ability, and good interaction 
with biomolecules.  Microgels 26, silica 27, sol-gel particles 28 and microcapsules 29 have 
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been used as supporters and carriers for biomolecules on bioactive paper.  For example, 
previous research in our group used carboxylated microgels as a supporter for antibodies 
and DNA aptamers on paper, as shown in Figure 3.  
 

 
Figure 3  Immobilization of antibody and DNA aptamer on carboxylated microgels. 30 
 

Paper-based biosensors are usually designed to provide a direct color, fluorescence or 
illuminance signal for the human eye.  Various bio-recognition elements, such as 
antibodies 30, enzymes 31 and DNA molecules 32, have been immobilized on paper for the 
capture of the target analyte.  Visual signals could be produced by enzymes 33, 
aggregation of nano particles 32 or the match of fluorophore and quencher 34.  Figure 2 
above also gives an example of a biosensor that provides a color signal called a 
colorimetric biosensor.  This type of biosensor has been gaining a great deal of interest, 
because it is easily manipulated, quick, usually cheap, and provides a direct signal.  
 

1.2 Smell-generating Biosensor  
Similar to a colorimetric biosensor, we consider a smell-generating biosensor, another 
type of device that provides a direct signal.  The human nose is sensitive enough to 
recognize thousands of odors, even when the person is not paying attention to the smells. 
35  This property of the nose provides the suitability of applying smell-generating 
biosensors in the efficient detection and timely warning of the presence of targets.   
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To our knowledge, smell-generating biosensors have not been explored enough, as only 
two patents have been reported.  In 2007, Nicklin et al used recombinant cells to release 
a volatile substance as a reporter for biodetection. 36  The other patent, invented by 
Melker et al, utilized an RNA aptamer and nano tube complex to detect 
analytes/biomarkers and release a smell.  The smell compound is capped inside nano 
tubes and the caps are linked to RNA aptamers.  When the analyte is present, the 
aptamer will interact with the analyte and result in the uncapping of the nano tube so that 
the smell compound is released to signal the biodetection.  This invention was believed 
to provide a method for screening an analyte/biomarker present in exhaled breath. 37  

1.2.1 Smell signal 
Regarding smell signals the definition of “detectable smell” is that the concentration of 
the volatile chemical in the gas phase is higher than its odor threshold for the human nose 
or an electronic nose, so as to give a sensible smell or reading.  For example, ammonia 
has an olfactory threshold of 5 ppm, which means the ammonia concentration must be 
above 5 ppm for the human nose to sense it. 38  Table 1 gives odor thresholds for some 
chemical compounds.  Generally, the theory for the working mechanism of the human 
nose to sense odor is that an odorant molecule stimulates cells in the nose and the 
stimulus is then transmitted by nerves to the brain, giving the odor sensation. 39 

Table 1 Olfactory threshold of some chemical compounds for the human nose 

Chemical Olfactory threshold * Henry’s law constant 
(Kcc)* 

Ammonia 38  5 ppm  3.15×103 
Hydrogen Sulfide40 10ppb 

5.0×10-10 mol/dm3   
≈ 17 

Indole 40 0.02 ppb 
1.0×10-12 mol/dm3   

4.08×105 

Methanethiol40 0.2 ppb 
1.0×10-11 mol/dm3   

≈ 17 

* Kcc: The dimensionless ratio between the aqueous concentration and its gas concentration at equilibrium;  

ppm: part per million; ppb: part per billion 

 
Besides the human nose, digital electronic noses have been developed rapidly in recent 
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decades to give quantitative measurements of chemical compounds in the gas phase and 
to be used in some cases to warn of the presence of dangerous gases. 41  Depending on 
the odor threshold of a compound, an electronic nose could be more sensitive, or less 
sensitive, than the human nose.  Commercial electronic noses from Interscan 
Corporation are able to detect gaseous compounds, including hydrogen, hydrogen sulfide, 
hydrogen chloride, carbon monoxide, nitric oxide, nitrogen dioxide, ozone, sulfur dioxide, 
chlorine, ethylene, hydrazine, ammonia, etc.  An electronic electrode from YSI can 
detect various volatile compounds, such as formaldehyde, propylene oxide, and ammonia.  
The ToxiRAE PID gas detector from RAE Systems is a photoionization detector for 
instantaneous monitoring of volatile organic compounds and the warning of excessive 
exposure through sound alarms.  

1.2.2 Smell signal produced by tryptophanase 
In our research, we found that a special enzyme, tryptophanase (TPase), could produce 
several types of smell compounds by catalyzing a series of β-elimination reactions and 
β-replacement reactions involved in the metabolism of amino acids, including L-serine, 
L-cysteine, S-alkyl-L-cysteine, S-(o-nitro-phenyl)-L-cysteine, β-chloroalanine, and 
2,3-diaminopropionate. 42  Figure 4 shows that the hydrolysis of L-tryptophan and 
S-methyl-L-cysteine, catalyzed by tryptophanase, produces indole and methyl mercaptan 
(methanethiol). 42a   
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Figure 4  β-elimination of L-tryptophan and S-methyl-L-cysteine by TPase. 

 
Indole (C8H7N) contributes to oral malodor (bad breath) and the peculiar odor of feces. 
However, at a very low concentration, indole has a flowery smell and is a component of 
many perfumes.  Indole has a very low threshold, around 0.02 ppb . 40  The 
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toxicological properties of indole have not been studied and the United States OSHA does 
not list indole as a carcinogen.  At a room temperature of 20 °C, indole is a white solid 
and has a solubility of 0.19 g/100 ml water.   
 
Methanethiol (CH3SH), also known as methyl mercaptan, is a colorless, flammable gas 
with an extremely strong and repulsive odor.  At very high concentrations it is highly 
toxic and affects the central nervous system.  Its penetrating odor provides a warning at 
dangerous concentrations.  It has been used as an additive in natural gas to provide 
warnings of natural gas leaks.  The odor threshold of methyl mercaptan is reported as 
0.2 ppb. 40  The United States OSHA Permissible Exposure Limit is listed as 10 ppm. 43    

1.2.3 Tryptophanase 
Tryptophanase (TPase) is a tetrameric protein in which four subunits are held together by 
surface hydrophobic interactions and by the cofactor pyridoxal phosphate (PLP). 44  
TPase has been purified from E. coli 45, P. vulgaris 44, B. alvei 46, and S. thermophilum 47, 
and requires PLP and some cationic ions to have catalytic activity. 48  Figure 5 (a) shows 
the typical crystal structure of TPase. 44  Figure 5 (b) shows a TPase dimer that binds a 
potassium ion and PLP in each subunit. 49  The binding of PLP involves lysine on the 
TPase surface. 50  PLP is not the only cofactor for TPase; ions such as K+, NH4

+ or Rb+ 
need to be present at the same time to activate TPase. 51  It has been reported that the 
cationic ions bring about an increase in affinity of the enzyme for PLP. 48  Research has 
also shown that temperature affects the affinity of the apoenzyme for PLP and that high 
concentrations of PLP may inhibit enzyme activity. 52  The kinetic study of 
tryptophanase showed that the Km value for L-tryptophan in reaction (1) in Figure 4 was 
measured to be 4 s-1 and 5 s-1. 53  The Km value for S-methyl-L-cysteine in reaction (2) 
was measured to be 10 mM. 42a   
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Figure 5  (a) Crystal structure of tetrameric E. coli TPase, each chain is colored differently by Almog 

et al; 44  (b) Stereo diagram of catalytic dimer of two TPase subunits which are bound with PLP and 

potassium ions by Isupov et al. 49 

NH+

O

N
PLPH

OH
NH+

O

N

OH

PLPH

External Aldlmine Intermediate Quinonoid Intermediate

NH+

O

N

OH

PLP

H

H

N
H

NH+
OH

O

PLP
Aminoacrylate Intermediate Transition slate

NH3+

O

O

N
H

N CH3

O

NH
Lys

O
P

O

O

O

H
+

PLP-enzyme Schiff base

NH3+
OH

O

PLP

PLP-Tryptophan Schiff base

 
Figure 6  PLP functions in the decomposition of tryptophan by tryptophanase 54 

 
The kinetics for the β-elimination reaction of L-tryptophan and the functions of PLP 
during the reaction are shown in Figure 6.  First, PLP binds covalently to an amino 
group of a lysine residue in the active site of tryptophanase.  This PLP-tryptophanase 
binding forms a Schiff base linkage which is a functional group containing a 
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carbon-nitrogen double bond with a nitrogen atom that connects to an alkyl group.  
Secondly, an amino group in the substrate, such as tryptophan, reacts with the imine 
carbon.  This causes the release of the amino group Lysine.  Simultaneously, a new 
PLP-tryptophan Schiff base is formed .  Finally, indole, ammonia and pyruvate are 
produced after the conversion of several intermediates.  Then PLP is released and a new 
PLP-tryptophanase Schiff base can form again.  Theoretically, one PLP molecule can 
help tryptophanase produce many indole molecules in a given time period.   
 
TPase activity is usually measured by two strategies.  One strategy is to measure the 
amount of pyruvate or indole produced by TPase.  The pyruvate formed from various 
substrates can be measured by the method of Friedemann and Haugen. 47, 55  Indole was 
measured through colorimetric methods where indole reacts with 
p-dimethylaminobenzaldehyde to form a reddish color that has a maximum absorbance at 
570 nm. 56  This method was first developed by Scott56a and later modified. 56b, c  Figure 
7 shows the mechanism of the colorimetric method.  The other enzyme assay utilizes a 
synthetic substrate, S-(o-nitro-phenyl)-L-cysteine (SOPC), to directly monitor the 
consumption of the substrate via a spectrometer. 57  
 

N H
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CH3

O

N

N
CH3

CH3 H
+

N

N
+

CH3

CH3

+

+

 
Figure 7  Colorimetric mechanism of quantifying indole by p-dimethylaminobenzaldehyde. 56b 

1.2.4 Pyridoxal kinase 
The important cofactor for tryptophanase, pyridoxal phosphate, plays a very important 
role in organism metabolism.  It is produced by pyridoxal kinase in vivo.  Pyridoxal 
kinase (PKase, EC 2.7.1.35) catalyzes the phosphorylation of three forms of vitamin B6 
in the presence of adenosine 5′-triphosphate (ATP) and zincum cations, as shown in 
Figure 8. 58  Then the pyridoxine phosphate and pyridoxamine phosphate can be 
converted to pyridoxal phosphate by oxidase. 58   
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Figure 8  Pyridoxal Kinase catalyzes phosphorylation of pyridoxal, pyridoxine and pyridoxamine.58 

 
Pyridoxal kinase was originally purified from sheep liver59, sheep brain60 and bovine 
brain61.  More recently the gene for pyridoxal kinase from human cells 62 and 
microorganisms such as E. coli 63 and B. subtilis 64 was cloned and expressed in E. coli.  
The crystal structure of PKase derived from sheep and E. coli has been studied. 58, 63  
PKase is a dimeric protein with a molecular weight of 60 kDa, containing two subunits. 65  
Each subunit binds with ATP and pyridoxal molecules, and functions independently 
during catalysis. 66  Figure 9 shows the crystal structure of PKase expressed from 
recombinant E. coli and its binding sites for ATP and pyridoxal.  
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Figure 9  The dimeric structure of the MgATP and pyridoxal (PL) bound PKase by Safo et al. 63  

ATP and PL are shown as blue and gray spheres, respectively.  

It has been reported that metal ions are essential for the conversion of pyridoxal into 
PLP.67  The order of activation for PKase from bovine brain was Zn2+ > 
Co2+>Mn2+>Mg2+>Fe2+. 61  These ions in a complex with ATP become substrates for 
PKase. 61, 67  However, a study on the kinetic constants of PKase from human cells and E. 
coli has shown that MgATP is a preferred substrate over ZnATP. 62  Under 37 ºC and 
pH 7.3, the Km for MgATP was determined to be 420 µM when ATP concentration varies 
from 50 µM to 1 mM with pyridoxal held constant at 1 mM by using 100 µg human 
PKase. 62  Another study has shown that at pH 6.5, steady state constants for the 
substrate MgATP were Kcat=0.1 s-1 and Km=100 µM under room temperature, in the 
presence of 1mM ATP, 0.2 mM pyridoxal and increasing concentrations of magnesium. 
67   
 
The enzymatic activity of PKase is usually measured through the production of PLP.  
The rate of formation of PLP can be measured by following the increase in absorbance at 
388 nm, at which PLP is known to have a molar absorption coefficient of 4900 M-1cm-1 at 
pH 7. 61, 66  Because PLP is a cofactor of some enzymes, incubating PLP with excess 
apoenzyme and quantifying the product could be applied to develop methods for 
measuring PLP. 68  Moreover, PLP and pyridoxal can be oxidized by phenylhydrazine, 
and then, by controlling temperature and pH, the PLP generated by PKase can be 
quantified without the interference of pyridoxal. 69  Also some radioactive assays have 
used radioactive substrate to monitor the consumption of substrate or the generation of 
products to calculate PKase activity. 59, 70  
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1.3 ATP Detection  
ATP is an important biological compound involved in various vital biological processes.  
Intracellular ATP has been recognized as an energy source for many important 
reactions.71  Intracellular ATP concentration is often higher than 5 mM, and part of this 
can be released outside the cells. 71  
 
Several strategies have been developed for the detection of ATP, including a 
bioluminescence ATP assay 72, an electrochemical method 73, a fluorescence resonance 
energy transfer method 74 and a DNA aptamer switching method 75.  Other than these, 
atomic force microscopy has been reported to be able to detect and locate extracellular 
ATP on living cells.76  The bioluminescence assay utilizes the enzyme luciferase to 
convert the substrate ATP to generate light. 72  This can detect ATP at 0.002 µmol/L.  
This assay is widely used in rapid detection of microorganisms in the food industry, such 
as Staphylococcus aureus, Escherichia coli, Listeria monocytogenes, and Sacharomyces 
cereviciae. 77   
 

1.4 Objectives 
The overall objective of my work in this thesis is to develop a generic smell-generating 
enzymatic biosensor for biodetection.  The specific objectives of this research are: 
 

1. Application of tryptophanase as a reporter providing smell signals in biodetection.   
The goal was to modify tryptophanase and apply the biotinylated enzyme as a 
reporter in a magnetic beads based enzyme linked immunosorbent assay (ELISA) to 
generate a smell signal upon detection of the analyte.  

 

2. Smell generating enzymatic system for detection of ATP, microorganism cells and 
DNA.   The goal was to combine the enzyme tryptophanase with the enzyme 
pyridoxal kinase to act as a bienzyme detector for ATP.  Conditions for the 
bienzyme system are optimized.  The biosensor is expected to be applied in cells 
and DNA detection.  

 
3. Biotinylation of PNIPAM-VAA microgel and controlled streptavidin uptake.   The 

goal was to modify the microgel surface with biotin molecules which can take up 
streptavidin to provide a platform for subsequent biomolecule immobilization.  
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4. Paper-based smell-generating biosensor.   The goal was to immobilize the 

bienzyme on paper, using microgel as the supporter for the construction of 
paper-based smell-generating detection. 

 

1.5 Thesis Outline 
Chapter 1:   The present chapter presents the research background of this 

thesis, including the mechanism of biosensors, the components of biosensors, and an 
introduction to smell signals, tryptophanase and pyridoxal kinase.  The specific 
objectives and an outline of the thesis are also presented here.  
 

Chapter 2:   This chapter describes the modification of the enzyme 
tryptophanase by biotinylation and its application as a reporter in a classic bioassay, 
ELISA.  The experimental methods for measuring smell were set up and optimized 
reaction conditions for tryptophanase were obtained.  Smell signals generated in ELISA 
upon detection of the analyte were characterized. 
 

Chapter 3:   This chapter describes the combination of tryptophanase with 
pyridoxal kinase as a biosensor for ATP.  Optimized conditions for this bienzyme system 
were obtained.  Using ATP as a bridge, the bienzyme biosensor was able to detect 
microorganism cells and target DNA through the production of smell signals.  The 
reaction conditions for this bienzyme system were optimized.  Activation effect, 
specificity and sensitivity of ATP to the system were investigated. 
 

Chapter 4:   This chapter describes the biotinylation and the streptavidin 
uploading on poly (N-isopropylacrylamide-co-vinylacetic acid) microgels.  The 
optimized biotin density for maximum streptavidin uploading was investigated.  This 
provides a platform for the subsequent biomolecule immobilization on microgels. 
 

Chapter 5:   This chapter describes the immobilization of tryptophanase and 
pyridoxal kinase on a paper strip to provide bi-signal biodetections.  The paper-based 
smell generating biosensor provides a convenient and easily manipulated assay. 

 
Chapter 6   This chapter summarizes the main conclusions and contributions 

of this project, and gives suggestions for future researches.  
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Chapter 2    Tryptophanase: A Smell Generating 
Transducer for Biosensors 
 
 
 
In Chapter 2, all the experiments were conducted by myself and Joanna Sauder who 

worked as a summer student. I wrote the first drafts. Dr. Filipe and M. Monsur Ali edited 

sections for the final version.  Dr. Filipe, Dr. Pelton and Dr. Li contributed many helpful 

suggestions on my experiments and paper writing. 
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ABSTRACT: Herein we report an enzyme-based biosensor 
that signals binding of a specific target molecule by producing 
a smell that can be easily detected by the human nose. The key 
component of this biosensor is the enzyme tryptophanase 
(TPase), which uses either L-tryptophan or S-methyl-L-
cysteine as substrates, with production of either indole or 
methyl mercaptan as final products  (both easily detectable by 
the human nose). To assemble a working biosensor, TPase 
(the signal transducer component of the biosensor) was first 
biotinylated and linked to a biotinylated antibody (the 
biorecognition component of the biosensor) using avidin. 
Proof-of-concept for this biosensor was achieved by 
performing an enzyme-linked immunosorbent assay (ELISA) 
on magnetic beads with detection of IgG from rabbit serum 
(the target) in a sample and reporting its presence through the 
generation of a smell (either indole or methyl mercaptan, 
depending of the substrate used). The approach described 
herein is modular and is readily applicable for a variety of 
biorecognition elements, such as antibodies, proteins and 
aptamers as part of a new generation of smell generating 
biosensors. 

Biosensors are widely used in clinical, food, environmental and 
agricultural areas for monitoring and detecting target analytes and 
reporting their presence through the generation of  a variety of 
signals.1-3 In general, biosensors consist of two parts: a 
biorecognition element and a signal transducer.  The 
biorecognition element is the component that can specifically 
interact with its cognate target, while the transducer produces a 
signal that may be either electrochemical4, piezoelectrical5, 
calorimetric6, colorimetric7 or acoustic8 to indicate the presence of 
the target analyte.  Colorimetric sensors, which rely on the use of 
the sense of sight, are widely used in a large variety of 
applications. 9,10  

 The human nose is a remarkable “analytical instrument”. A 
notable example of how this has been exploited to improve safety 
of the general public is the use of mercaptans as additives to 
natural gas, which serve as odorants that provide an easily 
detectable smell to signal a gas leak.  It is therefore somewhat 
surprising that only a small number of detection systems have 
been developed that make use of the sense of smell, or in other 
words, biosensor that use a smell generating transducer as a part 
of the biosensor. To our knowledge, only two odor-generating 
biosensors have been reported in the literature: the first is based 
on the use of whole cells to generate a smell of either acyl esters, 
hydrogen sulphide or methanethiol; 11 the second is based on the 
use of nanotubes filled with volatile organic compound, such as 
acetone, ammonia, and methyl mercaptan, and capped with 
aptamer  – in the presence of the target, prostate specific antigen 
that is produced by prostate cancers, the cap is opened  and the 
volatile compound is released resulting the generation of a 
noticeable smell. 12 Exploiting the sense of smell has part of 

detection systems has some attractive features: detection is 
independent of the subject paying constant attention to a display 
or waiting for a colour change to take place and detection can be 
easily done in poorly illuminated spaces where colour based 
signals are hard to be read; these biosensors could be part of 
facemasks that would report the presence of an agent by 
generating a noticeable smell. 

We provide proof-of-concept of the use of the enzyme 
tryptophanase (TPase, EC 4.1.99.1) as a transducer for smell-
generating biosensors. A simple diagram of this type of biosensor 
is presented in Figure 1a, showing its use in an enzyme-linked 
immunosorbent assay (ELISA) where smell generation signals the 
presence of a specific target, such as is demonstrated later on this 
paper. 

 

Figure 1. The components for a smell generating biosensor and the 
key reactions. (a) a biorecognition component linked to a transducer 
that generates smell, and the biorecognition leads to smell.; (b) 
Reactions catalyzed by TPase, using L-tryptophan and S-methyl-L-
cysteine as substrates to produce indole and methyl mercaptan, as 



 

products easily detectable by the human nose. Pyridoxal phosphate 
(PLP) is a cofactor required for TPase.  

 

Tryptophanase is a pyridoxal phosphate-dependent enzyme that 
catalyzes a series of β-elimination and β-replacement reactions. 
The enzyme catalyzes the hydrolysis of L-tryptophan and S-
methyl-L-cysteine to indole and methyl mercaptan, respectively 
(reaction 1 and 2 in Figure 1b). 13 Both these products are easily 
detectable by the human nose. The threshold concentration for 
indole (C8H7N) is 0.02 ppb (1.0×10-12 mol/dm3),14 with a 
noticeable floral odor associated with low concentrations and an 
unpleasant odor which comtributes to mouth malodor and the 
smell of toilet associated with higher concentrations. Methyl 
mercaptan, is a colorless, flammable gas with a very strong and 
unpleasant smell and with an odor threshold level of 0.2 ppb 
(1.0×10-11 mol/dm3). 14 The United States OSHA Permissible 
Exposure Limit for methyl mercaptan is listed as 10 ppm. 15 
Mercaptans are used as an additive to natural gas in order to 
provide warning of natural gas leaks. 16  

The biosensor developed in this work consisted of a 
biorecognition element and a signal transducer. The 
biorecognition element  in the smell-generating reported herein 
was anti-rabbit IgG- which is able to specifically recognize rabbit 
IgG (the target). The transducer responsible for signal generation 
was TPase. We wished to obtain a general and modular method 
for assembling a potentially large number of smell-generating 
biosensors, i.e. being able to couple a variety of biorecognition 
elements to TPase. To this end, we prepared biotinylated TPase 
using N-Hydroxysulfosuccinimide (sulfo-NHS) biotin and TPase. 
The biotinilyated TPase can then be linked to any biotinylated 
biorecognition element (in our case, biotinylated anti-rabbit IgG) 
through the use of avidin.  

In our first attempts to biotinylate TPase, a large loss of 
catalytic activity of the enzyme was observed (almost 93% of the 
initial activity lost – see Table S1 in supplementary information), 
which is consistent with other reports. 17 We hypothesized that 
this was due to reaction of lysine residues in the catalytic site of 
the enzyme18,19 with the coupling agent (sulfo-NHS biotin). To 
minimize this effect, we performed the conjugation in the 
presence of 10 mM L-tryptophan, in an attempt to occupy and 
protect the catalytic site using the substrate. Using this approach, 
more than 60% of the initial catalytic activity was maintained 
(Table S1 in the supplementary information), with an average of 
4.264±0.198 biotin molecules being incorporated per TPase 
molecule. This provides an adequate balance between the level of 
biotinylation required for linkage to avidin and the catalytic 
activity required for signal generation. Since biotin-avidin 
interactions are widely used in bioassays and biodetection, the 
biotinylated TPase provides a general platform for subsequent 
applications of TPase as a transducer in a variety of biosensors.  

The smell-generating biosensor was assembled by mixing 
biotinylated TPase (the transducer), avidin  (the linker) and the 
biotin labeled anti-rabbit IgG (the biorecognition element) in a 
molar ratio of 1:2:2.5 respectively. This biosensor was used in an 
ELISA-like manner as shown in Figure 2 (we refer to it as a 
smell-reporting-ELISA). The presence of the target molecule in 
the sample, in our case rabbit IgG, is signaled through the 
generation of a smell- indole or methyl mercaptan, depending on 
which substrate was used in the procedure.  

 

 

Figure 2. Schematic of the steps associated with the smell-reporting-
ELISA on magnetic beads for detecting IgG from rabbit serum in a 
sample and reporting its presence through smell generation using 
biotinylated tryptophanase (TPase). The biosensor was assembled by 
combining biotinylated TPase, avidin and biotinylated anti-rabbit IgG. 
When S-methyl-L-cysteine was used as the substrate for TPase, the 
final product methyl mercaptan was detected in the gas phase using a 
photoionization detector.  When the substrate was tryptophan, the 
indole concentration in the liquid phase was measured using Kovac’s 
reagent20-22.  

 

To perform a smell-reporting-ELISA, 2 mL of 2.5 g/mL 
MagnaBind magnetic beads functionalized with anti-rabbit IgG 
(AR-IgG) were washed and blocked using SuperBlock T20 (PBS) 
buffer from Pierce.  The beads were resuspended in 300 µL PBS 
buffer (10 mM, pH 7.4) and 200 µL of 2.2 mg/mL IgG from 
rabbit serum (RIgG) were added to the test sample, while 200 µL 
of 2 mg/mL BSA and 200 µL of 10 mM PBS buffer were added 
to control sample I and control sample II respectively (Figure 2). 
The samples were incubated under room temperature for 30 mins 
and the beads were washed and resuspended in PBS buffer. The 
AR-IgG-Avidin-biotinylated TPase complex (150µL containing 
75 µg TPase) was then added to all three samples and incubated 
under room temperature for 30 mins.  The beads were then 
washed by 500 µL PBS buffer (10mM, pH 7.4) for three times 
and resuspended in 200 µL KDP buffer. Then the beads were 
added to a 700 µL reaction mixture containing 15 mM tryptophan 
(the substrate for the reaction), and 0.1 mM of pyridoxal 
phosphate (a cofactor required by TPase. 13  In the sample 
containing rabbit IgG (the target molecule), the indole 
concentration in the liquid phase was found to be 2.2 µg/mL, 
while the control samples showed no production of indole (Figure 
3a).   

Assuming that equilibrium is reached between the gas and 
liquid phases, Henry’s law and the ideal gas law can be used to 
calculate the indole concentration in the gas phase (detailed 
calculations are shown in supplementary information). For an 
headspace volume of 39.3 ml the indole concentration in the gas 



 

phase was 1.1 ppb, 0.013 ppb and 0.025 ppb for the test sample, 
control sample I and control sample II respectively (Figure 3b).  
The presence of the target in the test sample resulted in a much 
higher production of indole as compared to the control samples 
(no target was present).  The indole concentration in the gas phase 
of the test sample was 55 times higher than the threshold level for 
detection with the human nose, which shows that the biosensor 
produces a strong signal. It is apparent that the estimated levels of 
indole in the gas phase for the control samples are in the vicinity 
of the threshold level for the human nose. It is important to point 
out that gas phase concentrations were estimated based on the 
concentrations of indole measured in the liquid phase, which were 
very low for these samples (measured absorbances less than 0.006 
units – Figure 3a) and statistically indistinguishable from zero. 
This implies that the estimated indole concentration in the gas 
phase is not statistically different than zero and during the 
experiments, no noticeable smell was detected.   

 

               

 

Figure 3. Indole generation in the smell-reporting-ELISA for a test 
sample containing 44 µg of the target, and two control samples (BSA 
was added to Control I but not to Control II): (a) Indole concentration 
in solution (primary Y axis is concentration  in µg/ml and the 
secondary Y axis shows the absorbance of the samples at 570 nm -
after adding Kovac’s reagent).20-22  (b) Estimated concentration of 
indole in the headspace of a 40ml glass vial. Each experiment was 
done in triplicate and the standard error is reported  

When S-methyl-L-cysteine is used as the substrate for TPase in 
the smell-reporting-ELISA, the signaling molecule generated is 
methyl mercaptan. The concentration of methyl mercaptan on the 
gas phase was measured using a ToxiRAE Plus PID, which is a 
photoionization detector for monitoring volatile organic 
compounds (VOC).  Because ammonia has a much higher 
solubility in water and is much less volatile than methyl 
mercaptan, the PID reading gives directly the concentration of 
methyl mercaptan in the gas phase. The smell-reporting-ELISA 
with S-methyl-L-cysteine as the substrate was done using 700 µL 
of a reaction mixture containing magnetic beads (2 mg), PLP(0.1 
mM) and S-methyl-L-cysteine (15mM),  and the mixture was 

added to a glass vial (with a total volume of 40 mL), which was 
capped and let sit on the bench under room temperature for one 
hour.  The methyl mercaptan concentration in the headspace of 
the vial was measured by connecting vial directly to the PID (inset 
in Figure 4a).   For the test sample, which contained 44 µg of the 
target molecule (rabbit IgG), the methyl mercaptan concentration 
in the headspace was 1.3 ppm after one hour of incubation (Figure 
4a). This concentration is 6,500 times higher than the threshold 
level for the human nose. Using S-methyl-L-cysteine as the 
substrate, rather than L-tryptophan, results in a much stronger 
smell signal. For the control experiment, where BSA was added to 
further block the surface of the particles from non-specific 
binding of the assembled biosensor, the concentration in the 
headspace was found to be equal to zero (Control I in Figure 4a).  
When BSA was not used in the control sample (Control II in 
Figure 4a), there was a residual amount of assembled biosensor 
that was non-specifically adsorbed in the particles, leading to a 
very small, albeit measurable level of methyl mercaptan in the gas 
phase.  The results in Figure 4a clearly show a very large increase 
in the level of methyl mercaptan formation associated with the 
presence of the target, and they also show that blocking of the 
surfaces is important to prevent false positives, like in any other 
ELISA.  

 

 

Figure 4. Using S-methyl-L-cysteine as the substrate for TPase and 
methyl mercaptan as the signaling molecule: (a) Methyl mercaptan 
concentration in the headspace of generated in the smell-reporting-
ELISA for a test sample containing 44 µg of the target, and two 
control samples (BSA was added to Control I but not to Control II). 
Each experiment was done in triplicate and the standard error is 
reported; (b) concentration of methyl mercaptan in the headspace as a 
function of time for samples containing different amounts of TPase. 
Each data point is the average of three measurements and the standard 
error is reported. The straight line represents the threshold level for 
the human nose, which is 0.2ppb. 

 

The ideal biosensor should generate a signal as quickly as 
possible; ideally signal generation should be instantaneous. For 



 

TPase, the kinetics of enzymatic catalysis dictate the rate at which 
the signal is generated. To get a sense of how long it takes to 
generate a measurable signal, we performed a series of 
experiments using different amount of TPase in solution. These 
experiments were done using S-methyl-L-cysteine as the substrate 
and monitoring the concentration of methyl mercaptan in the 
headspace as a function of time. As expected, higher amounts of 
TPase present in the mixture resulted in faster rates of methyl 
mercaptan generation as shown in Figure 4b. A line for a methyl 
mercaptan concentration in the headspace equal to 0.2 ppb 
(threshold level for the human nose) is shown for reference, and it 
shows that even 2 µg of TPase are able to generate a signal above 
this line in less than 5 mins.  These result that a signal is generated 
rapidly, which is critical for practical applications. 

In summary, we developed a system that is able to link a 
binding event with the generation of a smell that can be easily 
detected by the human nose. The biosensor developed uses TPase 
as the signal transducer. This enzyme catalyzes the conversion of 
either L-tryptophan or S-methyl-L-cysteine to generate indole and 
methyl mercaptan, respectively. This transducer was linked to a 
biorecognition element (anti-rabbit IgG) using a biotin-avidin 
interaction, which makes the system modular and easy to use in 
conjuction with a variety of biorecognition elements, such as 
aptamers, proteins and other biotin labeled biomolecules. We 
demonstrated the use of this biosensor in a smell-reporting-
ELISA, where the presence of a target (rabbit IgG), resulted in the 
formation of indole and methyl mercaptan at concentrations that 
can be easily detected by the human nose. Signal generation is 
fast. The use of TPase has a large potential for the creation of a 
new generation of biosensors that make use of the sense of smell. 
These could be done in combination with colorimetric based 
sensors, which would provide multi-sensory reporting of a 
binding event, or the presence of a target.   

Supporting Information Available: Description of the 
material included. This material is available free of charge via the 
Internet at http://pubs.acs.org.  
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Materials and Apparatus 

Apotryptophanase from Escherichia coli (TPase), DL-Dithiothreitol solution, Kovac’s 

reagent (containing p-dimethylaminobenzaldehyde) for indole determination, IgG from 

rabbit serum, L-Tryptophan, Pyridoxal 5’-phosphate hydrate, n-butanol, HABA/Avidin 

reagent and biotin-labeled anti-rabbit IgG (whole molecule) produced in goat were 

purchased from Sigma-Aldrich.  EZ-link Sulfo-NHS-Biotin (SNB), magnetic beads 

covered with anti-rabbit IgG (produced in goat), Ellman’s reagent and super block T20 

buffer were purchased from Pierce.  A cylinder of 20 ppm methyl mercaptan in nitrogen  

was purchased from Linde Canada Limited. A tube rotator with adjustable rotisserie 

assemblies was purchased from VWR.  KDP buffer was prepared according to previous 

report1 that it consisted of 0.2 M potassium phosphate (pH 7.8), 2mM dithiothreitol and 

6.7 mM ammonium sulfate.  The ToxiRAE Plus PID gas detector was purchased from 

RAE systems and UV-VIS measurements were done using a Beckman Coulter DU800 
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spectrophotometer.   

 

Experimental Section  

Quantification of indole in solution.  Briefly, p-dimethylaminobenzaldehyde was added 

to indole containing solutions and the absorbanse  of the sample was measured at 570 nm. 

2  Standard solutions, with a volume of 700 µL  and containing from 0 to 9 µg/mL  of 

indole were prepared and 700 µL of water saturated n-butanol was vigorously mixed with 

the standard solutions.  These samples were then centrifuged at 1,000g for 1min, and 500 

µL of the supernatant was collected and mixed with an equal volume of Kovac’s reagent 

containing p-dimethylaminobenzaldehyde.  After a five min incubation period, the 

absorbance of the samples was measured at 570 nm and a standard curve of absorbance 

vs. indole concentration could be generated (Figure S1).  The test samples (700 µL) were 

carried through the same procedure as for the standards and the indole concentration was 

determined by measuring the absorbance of the reaction at 570 nm reaction mixture and 

using the calibration curve. 

 

Quantification of Methyl mercaptan in solution.  The standard curve for quantification 

of methyl mercaptan in solution was prepared by using cysteine as the standard solution.  

The thermo scientific procedure was followed and the standards were prepared according 

to Table S1.  The Reaction Buffer prepared consisted of 0.1 M sodium phosphate buffer 

at pH 8.0 and 1mM EDTA.  Ellman’s reagent was prepared by dissolving 4 mg of 

Ellman’s Reagent (Thermo Scientific) in 1 mL of Reaction Buffer.  250 uL of each 

standard solutions in Table S1 was then added to a separate vial containing 2.5 mL of 
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reaction buffer and 4 mg of Ellman’s Reagent.  The vials were mixed and then incubated 

at room temperature for 15 minutes.  The absorbance was then measured in the UV Spec 

at 412 nm using visible light only.  The standard curve created using cysteine as the 

standard was used to measure the concentration of methanethiol in solution as shown in 

Figure S2.  Methanethiol was produced by incubating 40 ug of Tpase with 15mM of S-

methyl-L-cysteine and 0.1mM PLP for 1 hour (Note all dissolved in KDP Buffer).  

Following the incubation 250 uL of the sample were added to 2.5 mL of Reaction Buffer 

and 50 uL of Ellman’s Reagent and allowed to incubate at room temperature for 15 min. 

The absorbance was then read on the UV Spec using the Cysteine standard curve.   

 

Biotinylation of TPase Using Sulfo-NHS-Biotin (SNB).  Our initial attempts at TPase 

biotinylation involved the SNB reaction with the amino groups on the surface of TPase in 

KDP buffer either with the presence of L-tryptophan or without the presence of L-

tryptophan as shown in Table S1.  In sample I, to 0.5 mL of 4 mg/mL TPase in KDP 

buffer L-tryptophan was added to a concentration of 10 mM.  Five minutes later, 200 µg 

SNB was added and the mixture were left under room temperature for 2 hours.  The 

sample II without the presence of L-tryptophan was prepared without adding L-

tryptophan.  The control sample III was prepared by adding KDP buffer only.  Each 

sample was prepared with triplicates.  After 2 hours, an additional 200 µg SNB was 

added to samples I and II. Then all three samples were placed on ice for four hours.  

Following this an additional 200 µg SNB was added to sample I and II and samples were 

then placed in the 4ºC fridge overnight.  In the following day, the samples were put into 

dialysis tube and underwent dialysis in ten times diluted KDP buffer for 8 hours on ice.  
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The dialysis buffer was changed after 3 hours and 6 hours.  The samples were then 

transferred into glass vials and stored in the 4ºC fridge.  The protein concentrations in the 

samples were quantified by using the Bradford method.  The quantity of biotin present on 

the enzyme was determined based on the HABA/Avidin test in which the dye 4'-

hydroxyazobenzene-2-carboxylic acid (HABA) binds with avidin and can be replaced by 

biotin.  The enzyme activity of the biotinylated Tpase (BTPase) was measured based on 

the amount of indole generated by 50 µg of BTPase in 1 hour as shown in Table S2. 

   

Optimization of conditions for TPase. We performed a series of experiments to 

determine the optimal conditions for TPace activity, where the following conditions were 

varied one at a time: pH, temperature, substrate concentration (L-tryptophan or S-methyl-

L-cysteine), PLP concentration and the concentration of TPase. For all the tests, the 

samples had a total volume of 700 µL and the product concentration (indole or methyl 

mercaptan) was measured after one hour of incubation. 

Indole generated was quantified by adding p-dimethylaminobenzaldehyde and reading 

absorbance via UV-Vis spectrometer.  Methyl mercaptan generated was quantified by 

using Ellman’s reagent  

 The results are shown in Figure S3.  The optimized conditions are 15 mM L-tryptophan 

or S-methyl-L-cysteine, 0.2 mM PLP, 50 µg TPase in buffer with a total volume of 700 

µL under pH 9 and 37 ºC for one hour.  Since room temperature and mild pH conditions 

are optimal for ELISA tests, in the following text, other than specified, smell generation 

by TPase are carried out under these conditions: 15 mM L-tryptophan or S-methyl-L-

cysteine, 0.2 mM PLP, 50 µg TPase in KDP buffer with a total volume of 700 µL under 
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pH 7.8 and room temperature (20 ºC) for one hour.   

 
Measurement of methyl mercaptan in headspace.   ToxiRAE PID gas detector  

measures the volatile organic chemicals in the gas phase.  It is calibrated firstly by using 

20 ppm methyl mercaptan in nitrogen then it is connected to a glass bottle where ELISA 

reaction was happening as shown in Figure S 4.  Wait for 15 seconds to record the peak 

reading.  The reaction mixture in the bottle contains 15 mM S-methyl-L-cysteine, 50 µg 

TPase and 0.2 mMPLP. 

 
 
ELISA on magnetic beads.  The ELISA on magnetic beads followed the procedure in 

the paper.  0.8 mL of 1 mg/mL BTPase solution, 0.5 mL 1 mg/mL Avidin and 0.3 mL 2 

mg/mL anti-rabbit IgG biotin were mixed together and sit on a tube rotator with rotating 

speed of 18 rpm under room temperature for two hours then sit in the 4 ºC fridge 

overnight.  2 mL of magnetic beads covered with anti-rabbit IgG produced in goat was 

washed with 10 mM PBS buffer (pH 7.4) and blocked with 500 µL superblocking buffer 

for 30 mins.  Then the beads were washed and redispersed in 300 µL PBS buffer.  Then 

200 µL of 2.2 mg/mL IgG from rabbit serum in PBS buffer was added to the test sample.  

To the control sample I 200 µL of 2 mg/mL BSA in PBS buffer was added.  To the 

control sample II, 200 µL of 10 mM PBS buffer was added.  Each sample has triplicates.  

The samples were on a rotator  with rotating speed of 18 rpm under room temperature for 

30 mins.  The samples were washed by PBS buffer again for three times and redispersed 

in 420 µL PBS buffer.  80 µL of anti-rabbit IgG biotin was added to each sample.  The 

samples were on a rotator under room temperature for 30 mins.  The beads were washed 

by 500 µL of 10 mM PBS buffer for three times and redispersed in 350 µL of PBS buffer.  
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Then 150 µL of BTPase-avidin-B-anti rabbit IgG solution prepared above was added to 

each sample.  The samples then sat on a rotator under room temperature for 30 mins.  

After that, the beads were washed by 500µL of 10 mM PBS buffer for three times.  15 

mM L-tryptophan or S-methyl-L-cysteine, 0.1 mM PLP were then added to the cleaned 

beads and the volume was made up to 700 µL by adding KDP buffer.  The samples sat on 

a rotator under room temperature for 60 mins and the supernatant was taken for 

quantification of indole or methyl mercaptan.  To measure the production of methyl 

mercaptan by using ToxiRAE PID gas detector, the 700 µL reaction mixture containing 

beads were transferred to a 40mL glass bottle with a cap.  One hour later, the cap is 

opened and connected to the ToxiRAE PID gas detector as shown in Figure S4.  

 

Theoretical calculation of Indole in the headspace.  For an indole solution of X µg/mL, 

if assume that Henry’s law and Ideal gas law are obeyed and indole has Henry’s law 

constant of 4.08 x 105, Indole in the head space of a 40 mL glass bottle is calculated to be 

0.503X ppb (part per billion) as shown  below. 3  The concentration of indole in the gas 

phase directly relates to the intensity of smell as we know that the threshold of indole for 

human nose is 0.02 ppb. 
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Calculation: 

 

 

Ammonia production is negligible for the electronic nose.   ToxiRAE PID gas detector 

measures the volatile organic chemicals in the gas phase. Although ammonia was also 

produced by TPase, the following calculation shows that ammonia does not contribute to 

the reading of the PID gas detector. If 0.5 mM of L-tryptophan is hydrolyzed, then in the 

headspace of a 40 mL glass vial there is 164.3 ppm of methyl mercaptan and 3.7 ppm of 

ammonia.  Compared with methyl mercaptan, the concentration of ammonia is almost 

negligible.  

 

 

 

 

Henry’s law constant for indole under 20 °C at 1 atmosphere pressure is 
 KHi= 51008.4   
Indole has a molecular weight Mi= 117.15 g/mol 
In a 40 mL bottle filled with 700 µL liquid reaction mixture, if assume that X µg/mL 
indole was produced in the liquid phase quantified by colorimetric method.  Then the 
mole concentration of indole (C) in the solution is : 

C= 810092.2 
KHi
Mi
X

 mol/ 3m       Equation 1 

The mole concentration of air under 20 °C at 1 atmosphere pressure is: 

Cair= 595.41
293314.8
1001325.1 5






RT
P  mol/ 3m      Equation 2 

Estimated indole concentration (ppb) in the headspace could be calculated as:  

CEI= 503.010
595.41

10092.210 6
8

6 





Cair
C ppb    
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As equation show that air concentration is  

 

 

 

 

 

 

 

 

 

In a glass vial of 40 mL containing liquid reaction mixture of 0.7 mL, the gas 
volume is 39.3 mL.  
 
The mole concentration of indole (Ci) , methyl mercaptan (Cm) and ammonia (Ca) 
in the gas phase would be:  
 

If assume that in 700 µL reaction solution, 0.5 mM L-tryptophan is hydrolyzed, the 
amount of ammonia and methyl mercaptan or indole produced would be: 

733 105.3105.0107.0  M  mole 
 
Henry's law constant for each chemical is: (directionless) 
 
Ammonia  KHa=3150 
  
Indole   KHi=408000 
  
Methyl mercaptan KHm=17 

The mole concentration of indole (Ci) , methyl mercaptan (Cm) and ammonia (Ca) 
in the gas phase would be:  

Ci= 910225.1
3.397.0

1000 
KHi

M  mol/L 

Cm= 610836.6
3.397.0

1000 
KHm

M mol/L 

Ca= 71056.1
3.397.0

1000 
KHa

M mol/L 

Equition 2 gives the air concentration under under 20 °C at 1 atmosphere pressure is 
Cair=0.0416 mol/L 
Thus, the concentrations of these three volatile chemicals in the unit of ppm are 
written as: 

Indole: 029.0106 
Cair
Ci ppm     Equation 3 

Methyl mercaptan: 346.164106 
Cair
Cm ppm   Equation 4 

Ammonia: 749.3106 
Cair
Ca ppm     Equation 5 
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Table S 1 – Cysteine Standards for Standard Curve  

Standard Volume Reaction Buffer 
(mL) 

Amount of Cysteine  (MW 
121.16) 

Final Concentration (mM) 

A 100 18.174 mg 1.5 

B 5 25 mL A 1.25 

C 10 20 mL A 1.0 

D 15 15 mL A 0.75 

E 20 10mL A 0.5 

F 25 5 mL A 0.25 

G 30 0 mL 0.0  Blank  
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Table S2. Biotinylation of TPase  

Experimental 
Condition 

TPase 
4mg/mL 

L-
tryptophan 

SNB µg Biotin/Enzyme Indole* µg/mL 

I (conjugation in the 
presence of L-
tryptophan) 

0.5 mL 10 mM 200 4.264±0.198 8.281±1.112 

II (conjugation in the 
absence of L-
tryptophan) 

0.5 mL 0 200 3.443±0.243 1.021±0.013 

III Non-conjugated 
TPase 0.5 mL 0 0 0 13.602±0.962 

* Indole was generated by 50 µg BTPase under room temperature for 1 hour and quantified using the colorimetric method 
described before.   
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Figure S1. Standard curve for indole concentration: absorbance at 570 nm as a function of the indole concentration in standard 
samples.  
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Figure S2. Standard curve for thiol concentration: absorbance at 412 nm as a function of the thiol concentration in standard 
samples.  
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Figure S3. Optimization of conditions for TPase. a) Effect of Temperature on TPase activity; b) Effect of pH on indole 
production;  c) Different amount of TPase result in different indole production; d) Effect of coffactor concentration on indole 
production; e) Effect of substrate L-tryptophan concentration on indole production;  f) Effect of substrate S-methyl-L-cysteine 
on methyl mercaptan production.  Each sample was prepared in 700 µL reaction mixture for 1hour with three replicates. Other 
than the changing condition, 50µg TPase, 15 mM L-tryptophan and 0.1 mM PLP, pH 7.8 and 20 ºC were used.   
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Figure S4.  ToxiRAE Plus PID gas detector is connected to a 40 mL glass bottle where 700 µL of reaction mixture produces 
methyl mercaptan.  
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Chapter 3  A Generic Smell Generating Biosensor Using 
a Bienzyme System 
 
 
 
All the bienzyme reaction and smell quantification experiments were conducted by me 

and Joanna Sauder who worked as a summer student.  The DNA detection system was 

designed by M. Monsur Ali and Sergio D. Aguirre.  After I wrote the draft, Dr. Filipe and 

Dr. Pelton revise it.  Also, Dr. Filipe, Dr. Pelton and Dr. Li contributed many helpful 

suggestions on my experiments and paper writing. 
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Biosensor technology can provide specific real time or near real 
time detection of target analytes, such as bacteria, protein and small 
molecules. [1]  Recently, user-friendly biosensing platforms 
producing signal outputs that can be assessed by the human senses, 
such as sight or smell, are of significant interest.  Such technology is 
well suited for use in the field where analytical instrumentation is 
unavailable.  For example, colorimetric biosensors for protein and 
ions have found widespread use due to their simplicity and 
convenience. [1c, 2]  They commonly require minimal handling and 
provide a visual signal read by the naked eye. Although explored to 
a less extent,  smell is another easy and convenient signaling method 
that can be used to engineer sensitive and easy-to-use biosensors. [3]  
There are only two patents that describe smell-generating biosensors  
for diagnosis[4] or underwater detection. [5]  One is based on the use 
of whole cells to generate a smell of volatile organic compound [5],  
while the other one is based on the use of nanotubes filled with 
volatile organic compound, such as methyl mercaptan, and capped 
with aptamer which will interact with target analyte and uncap the 
nanotube in the presence of the target. [4]  The smell-generating 
biosensor could provide a new approach for biosensing even for 
individuals that suffers from optical complications, such as color-
blindness or trauma.  Additionally, a smell-generating reporter can 
be used with an off-the-shelf electronic nose to quantify smell or 
even trigger an alarm signal if excessive smell is produced.  An 
electronic nose provides the possibility for a smell-generating 
biosensor to have multi-signals. [6] 

Our group recently reported that tryptophanase (TPase, EC 
4.1.99.1) can be used as a smell-generating reporter.  We observed 

that TPase could be modified and applied in biodetections to 
generate detectable smell in a reasonable time period of less than 
one hour.  Herein, we take advantage of that observation by 
combining another enzyme pyridoxal kinase (PKase, EC 2.7.1.35) 
with TPase to form a robust bienzyme system as a detector for 
adenosine-5_-triphosphate (ATP).  As the first enzymatic smell-
generating detecting system, this detector is applied in detection of 
microorganism cells and target DNA through utilization of DNA 
aptamer, which is functionalized nucleic acid for the recognition of 
targets. [7]   

TPase is a tetrameric protein that requires the cofactor pyridoxal 
phosphate (PLP) and cations to be biologically active. [8]  It 
catalyzes a series of β-elimination reactions and β-replacement 
reactions to produce volatile chemicals, such as indole, methyl 
mercaptan and hydrogen sulphide, which can be detected by smell. 
[9]  PKase catalyzes the phosphorylation of pyridoxal, one form of 
vitamin B6, into pyridoxal phosphate (PLP) by utilizing the 
phosphate on adenosine 5′-triphosphate (ATP). 

The bienzyme system which combines TPase and PKase 
together is illustrated in Figure 1.  We hypothesized that the 
presence of ATP would trigger the bienzyme system to produce an 
indole or methyl mercaptan smell signal through the following 
three-step mechanisms: 1) PKase catalyzes the phosphorylation of 
pyridoxal to PLP ; 2) PLP activates TPase   3)  Activated TPase 
catalyzes the hydrolysis of L-tryptophan or S-methyl-L-cysteine to 
produce the smell of indole or methyl mercaptan.  

 

Figure 1. Pyridoxal kinase converts pyridoxal into PLP, which serves 
as a cofactor to activate tryptophanase to produce indole or methyl 
mercaptan . 

First, we examined the smell generation of the bienzyme system 
by measuring the production of indole or methyl mercaptan as 
triggered by ATP.  In the case of indole, we compared two samples 
containing all components with the L-tryptophan substrate in the 
absence or presence of ATP, under room temperature.  At the time 
of 1 hour, ATP was added to one sample to a final concentration of 
2 mM.  The indole production in the solution was measured by 
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adding p-dimethylaminobenzaldehyde and measuring the 
absorbance at 570 nm using a UV-VIS spectrometer hourly. [10]  
Figure 2a shows the indole concentration in the headspace of these 
samples calculated by Henry’s law and Ideal gas law (see 
Supporting Information for the calculation).  More than 5 ppb indole 
was generated in one hour after adding ATP, whereas the control 
sample with the absence of ATP showed minimal signal. Similarly, 
samples prepared with the S-methyl-L-cysteine substrate 
demonstrated the same trend that more than 10 ppm of methyl 
mercaptan was produced within 30 mins (Figure 2b).  These 
observations confirm that ATP activates the bienzyme system to 
produce smell within minutes of exposure to ATP.  

 

Figure 2. Detection of ATP by the bienzyme system.  The detection 
solution contains: 50 µg PKase, 40 µg TPase, 0.1 mg/mL pyridoxal, 
0.1 mM Mg 2+, and 15 mM L-tryptophan. Arrows indicates the time 
point where ATP was added.   Each dot was produced in three 
replicates.  

 

Figure 3. Specificity and sensitivity of the ATP detector by the 
bienzyme system.  0.2 mM NTP or dNTP.  

To demonstrate the specificity of ATP detection for the 
bienzyme system, we compared the smell generation triggered by 
the addition of guanosine triphosphate (GTP), cytidine triphosphate 
(CTP), thymidine triphosphate (TTP), deoxyadenosine triphosphate 
(dATP), deoxyguanosine triphosphate (dGTP), deoxycytidine 
triphosphate (dCTP), and deoxythymidine triphosphate (dTTP). 
Figure 3 a shows that the addition of either ATP or dATP resulted in 
significant indole production, 6.6 ppb and 8.8 ppb respectively while 
other dNTPs and NTPs showed minimal signal.  If change the 
substrate to S-methyl-L-cysteine, ATP and dATP triggered 49.1 
ppm and 61.4 ppm methyl mercaptan production while other dNTPs 
and NTPs didn’t activate smell production (Figure 3 b). 

In order to determine the sensitivity of this bienzyme system for 
ATP, the optimized reaction conditions were obtained first for a 

bienzyme system of 700 µL containing 40 µg tryptophanase and 50 
µg pyridoxal kinase: 15 mM of L-tryptophan or S-methyl-L-
cysteine, 1mM zinc or 0.6mM magnesium, 0.1 to 5 mg/mL 
pyridoxal, pH 7.8 and room temperature of 20 °C as shown in 
Supporting Information online.  ATP was titrated to the bienzyme 
mixtures to a concentration ranging from 0.01 µM to 8 mM and 
indole or methyl mercaptan generated in the headspace of a 40 mL 
bottle was measured after one hour. As expected, indole production 
was positively correlated to ATP concentrations, as shown in Figure 
3.  For instance, 0.1 µM ATP triggered 0.25 ppb indole production 
in one hour (Figure 3c).  The detection limit for ATP through indole 
production is 0.1 µM ATP.  According to International Union of 
Pure and Applied Chemistry (IUPAC), the detection limit is defined 
as the minimum single result that can be distinguished from a 
suitable blank value.  [11] Samples prepared with the S-methy-L-
cysteine substrate showed that 1 µM ATP triggered 0.6 ppm methyl 
mercaptan production (Figure 3d). Thus the detection limit for ATP 
through methyl mercaptan production is 1 µM.  

 

Figure 4. Detection of bacteria cells and target DNA by using the 
bienzyme system and producing smell signal.  

Since ATP is a vital component of biological organisms, it was 
expected that our smell-generating biosensor for ATP could be used 
for the detection of bacteria, Escherichia coli, Bacilus subtilis and 
Lactobacilus planturum, which were used as model organisms.  
These three bacteria were cultured in growth media to a 
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concentration of OD600≈1, washed with sodium phosphate buffer 
(PBS, pH 7.4, 50 mM) to remove any indole generated during cell 
growth and resuspended in PBS buffer to the original volume. 

Controls include PBS only and the mixture of cell and PBS did 
not show detectable smell, while cell samples showed strong indole 
and methyl mercaptan production as shown in Figure 4 a & b (For 
the detailed procedure, see Supporting Information online). This is 
due to the existence of intracellular and extracellular ATP in 
bacteria cells culture.  The E. coli sample showed much stronger 
smell production, compare with the other two types of cells.  This 
may because that E.coli cells contain higher amount of 
tryptophanase since tryptophanase is often purified from E.coli. [12] 
Generally, this bienzyme system is expected to detect all kinds of 
bacteria cells.  

To extend the application of this ATP-triggered smell-
generating system to DNA detection, a DNA aptamer-based 
capturing system was designed as shown in Figure 4 c.  Capture 
DNA was first immobilized on a solid supporting beads.  Then one 
part of the multimeric ATP aptamer which was prepared by rolling 
circle amplification (RCA) [13] and one part of the capture DNA 
were designed to be complementary to the target DNA.  If target 
DNA presents, it would be captured and then ATP was added and 
retained in the multimeric aptamer “pockets”.  At last, after washing 
and adding complementary DNA the ATP would be replaced from 
the RCA and released into the solution.  The collected solution is 
added to bienzyme mixture to trigger smell generation. After one 
hour, the indole and methyl mercaptan generated were quantified as 
shown in Figure 4 d & e.  Control sample was prepared by adding 
PBS buffer instead of target DNA and each sample had triplicates.  
The sample showed around 0.3 ppb indole or 0.3 ppm methyl 
mercaptan smell signal, while the control sample showed minimal 
signal.  It is illustrated that the combination of bienzyme system 
with the DNA detection system successfully detected the target 
DNA and released detectable smell signal.  

In summary, we demonstrated an enzymatic smell-generating 
biosensor for detection of ATP, microorganism cells and DNA.  The 
bienzyme system is capable of producing smell of indole or methyl 
mercaptan upon the presence of targets.  The sensitivity for 
detecting ATP was determined to be 0.1 µM ATP through 
producing indole and 1 µM ATP through producing methyl 
mercaptan.  Both gram-positive cell (E. coli) and gram-negative 
cells (Bacilus subtills and Lactobacilus planturum), trigered 
bienzyme system to produce smell.  Moreover, the DNA detection 
system designed by using DNA aptamer showed capability of 
catching target DNA and releasing ATP to trigger the production of 
smell signal.     

This work serves as the first step toward understanding the 
nature of the bienzyme system on smell production.  The discoveries 
in this exploration could directly lead to a number of applications in 
biodetections.  Theoretically, any target or biological event that 
releases ATP or dATP could be combined with this bienzyme 
system to construct a smell-generating biosensor.  In some occasions 
that people are not capable to smell, the smell signal of indole could 
be easily turned into a reddish color signal by adding p-
dimethylaminobenzaldehyde. [10]  Moreover, smell signal could be 
sensed by human nose, or detected by electronic nose which usually 
has the function of giving alarm on excessive odor.  Hence, this 
smell-generating biosensor could easily provide multi-signals, 
including smell signal, acoustic signal and colorimetric signal.  As 
the first enzymatic smell-generating system, it is expected to have 
high potential in the following research on constructing smell-
generating mouth mask upon detection of virus.    

 

Experimental Section 

Solvents and reagents were purchased from Sigma-Aldrich Co. and 
Pierce Chemical Co.  All chemicals were of reagent grade.  The 
bienzyme reaction took place in 0.2M potassium phosphate buffer 
(PPB, pH 7.8), containing 6.7 mM ammonium sulphate.   
 
Measurement of indole concentration in solution was made as 
described earlier by adding p-dimethylaminobenzaldehyde and 
measuring the absorbance at 570 nm. [10]  Then the concentration of 
indole in the headspace of the 40 mL glass bottle is calculated by 
using Henry’s law and Ideal gas law.  Methyl mercaptan in the 
headspace was measured directly by using ToxiRAE PID gas 
detector. (See supporting Information for details)   
 
Experiments showed that the commercial apotryptophanase had not 
been adequately purified as it was found to still be associated with its 
cofactor PLP (data not shown here).  It has been reported that cooling 
under 4 ºC for 20hour lead to the cleavage of PLP from Tpase [14], and 
following this with dialysis in L-alanine[15], EDTA[16] or L-cysteine[16] 
could purify Tpase and eliminate PLP.  TPase (5mg/mL in KDP 
buffer) was stored at 4ºC for approximately 20 hour prior to dialysis.  
The samples were then exposed to dialysis buffer containing 0.5 mM 
L-cysteine and β-mercaptoethanol in 10 mM PBS buffer for 4hour on 
ice.  The dialysis buffer was then changed and replaced with PPB 
buffer and allowed to sit on ice for 3hour.  The PPB dialysis buffer 
was then changed again and the dialysis tube and buffer were put in 
fridge (4ºC) overnight.  The samples were then removed from the 
dialysis tubing and transferred into glass vials.  
 
Pyridoxal kinase was purified by the following methods, taken from 
the literature. [17]  The E. coli cells transformed with a pET22b vector 
carrying the human pdxK gene (pET22-hPLK) were grown in 200mL 
of Luria Birtani (LB) solution and after reaching an O.D. at 600nm of 
1.2 were induced with 0.5 mM IPTG.  Cells were grown for an 
additional 7 h at 30 °C and harvested by centrifugation (1000g, 
20min).  The cell pellets were washed once by 20mL potassium 
phosphate buffer (pH 7.2) and resuspended in 20mL of this buffer.  
Lysozyme was added to a concentration of 1 mg/mL.  The solution 
was stored in the fridge under 4 °C for an hour.  Before sonication, 
the cells were incubated on ice for 10 min, then cells were ruptured by 
a Virtis  for 20 min at 17 amplitude.  The remaining pellets and cell 
debris were isolated by centrifugation at 12,000g, 20min, 4 °C.  The 
supernatant was processed with Hispur purification kit purchased 
from Pierce to purify the His tagged pyridoxal kinase.  The 
concentration of purified PKase was monitored by Bradford method. 
 
Optimization of conditions for bienzyme system of TPase and PKase 
is shown in the Supporting information.  All the bienzyme reactions 
were carried out under optimized conditions. 
 
The strategy used to apply the bienzyme smell generation system to 
DNA detection is shown in Figure 4 c.   Capture DNA was first 
biotinylated and immobilized on beads and the multimeric ATP 
aptamer obtained by rolling circular amplification (RCA) was prepared 
following the published method[13].  One end of capture DNA and one 
end of RCA product were designed to be complementary with a 
portion of the target DNA. In the presence of the target DNA, the 
capture DNA and RCA would be bound together, effectively attaching 
the RCA product to the beads.  After washing and adding , the RCA 
would bind and capture ATP from solution.  Then the assembly was 
washed with buffer twice and the  complementary RCA DNA was 
added to the system to displace and release ATP into solution.  The 
ATP solution collected can then be used to trigger the bienzyme 
system to produce a smell signal.  The DNA sequence for capturing 
DNA, target DNA, ATP aptamer and complement DNA are shown in 
the Supporting information.  



 4

Received: ((will be filled in by the editorial staff)) 
Published online on ((will be filled in by the editorial staff)) 

Keywords: keyword 1 · keyword 2 · keyword 3 · keyword 4 · 
keyword 5 

 [1] a)M. Velasco-Garcia, T. Mottram, Biosystems engineering 2003, 84, 
1; b)R. Hall, Microbes and Infection 2002, 4, 425; c)J. Liu, Y. Lu, J. 
Am. Chem. Soc 2003, 125, 6642. 

[2] L. J. Ou, P. Y. Jin, X. Chu, J. H. Jiang, R. Q. Yu, Analytical 
Chemistry 2010, 2306. 

[3] G. W. Meyer, D. P. Greenberg, Computer Graphics and Applications, 
IEEE 1988, 8, 28.  

[4] R. Melker, D. Dennis, Vol. U.S. Patent 6,974,706 B1, University of 
Florida Research Foundation, Inc., Gainesville, FL (US), 2005. 

[5] S. Nicklin, M. Cooper, N. D'souza, WO Patent WO/2007/083,137, 
2007. 

[6] H. V. Shurmer, J. W. Gardner, Sensors and Actuators B: Chemical 
1992, 8, 1. 

[7] M. M. Ali, Y. Li, Angewandte Chemie 2009, 121, 3564. 
[8] a)C. Suelter, E. Snell, Journal of Biological Chemistry 1977, 252, 

1852; b)F. Happold, A. Struyvenberg, Biochemical Journal 1954, 58, 
379. 

[9] W. Newton, Y. Morino, E. Snell, Journal of Biological Chemistry 
1965, 240, 1211. 

[10] a)T. Scott, Biochemical Journal 1961, 80, 462; b)E. McEvoy-Bowe, 
The Analyst 1963, 88, 893; c)A. Shimada, H. Shishido, I. Nakamura, 
Amino Acids 1996, 11, 83. 

[11] G. L. Long, J. Winefordner, Analytical Chemistry 1983, 55, 712. 
[12] a)E. E. Snell, 1975; b)B. De Crombrugghe, R. L. Perlman, H. Varmus, 

I. Pastan, Journal of Biological Chemistry 1969, 244, 5828. 
[13] W. Zhao, M. M. Ali, M. A. Brook, Y. Li, Angewandte Chemie 

International Edition 2008, 47, 6330. 
[14] T. Erez, G. Gdalevsky, C. Hariharan, D. Pines, E. Pines, R. Phillips, R. 

Cohen-Luria, A. Parola, Biochimica et Biophysica Acta (BBA)-
Protein Structure and Molecular Enzymology 2002, 1594, 335. 

 [15] C. Metzler, R. Viswanath, D. Metzler, Journal of Biological 
Chemistry 1991, 266, 9374. 

[16] S. Hoch, R. DeMoss, Journal of Biological Chemistry 1972, 247, 1750. 
[17] M. di Salvo, S. Hunt, V. Schirch, Protein expression and purification 

2004, 36, 30 
 
 
 
 

 
 



 

46 
 

Supporting information 

 

A Generic Smell-generating Biosensor Using a Bienzyme 
System 

Yaqin Xu, Joanna Sauder, M. Monsur Ali, Sergio D. Aguirre, Robert Pelton, Yingfu Li, 
Carlos D. M. Filipe* 

 

Experimental Methods and Results 

Measurement of indole concentration in solution. Briefly, p-dimethylaminobenzaldehyde 

was added to indole solutions and the absorbance of reddish solutions was measured at 

570 nm to determine indole concentrations. [1]  700 µL indole standard solutions 

containing 0 to 9 µg/mL indole were prepared, and a volume of water saturated n-butanol 

equal to the sample volume (700 µL) was vigorously mixed with the sample.  The 

mixture was then centrifuged at 1,000g for 1min, and 500 µL of the upper level 

supernatant was taken to mix with an equal volume of Kovac’s reagent containing p-

dimethylaminobenzaldehyde purchased from Sigma.  Five minutes later, the absorbance 

of the solutions was measured at 570 nm and a standard curve of absorbance vs. indole 

concentrations can be generated.  To measure samples, 700 µL reaction mixture was 

measured by following the same procedure.   

Calculation of indole concentration in the headspace.  For an indole solution of X µg/mL, if 

assume that Henry’s law and Ideal gas law are obeyed and indole has a Henry’s law 

constant of 4.08 x 105, Indole in the head space of a 40 mL glass bottle is calculated to be 

0.503X ppb (part per billion) as shown in the calculation shown at last of this session. [2]  
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The concentration of indole in the gas phase directly relates to the intensity of the smell.  

The odor threshold of indole for human nose is 0.02 ppb.  

Measurement of methyl mercaptan in the headspace.   ToxiRAE PID gas detector  measures 

the volatile organic chemicals in the gas phase.  It is calibrated firstly by using 20 ppm 

methyl mercaptan in nitrogen then it is connected to a glass bottle of 40 mL where smell 

generation was happening.  Wait for 15 seconds to get a stable reading.   

Optimization of Reaction Conditions.   To determine the bienzyme system’s detection limit 

for ATP, the effects of zinc or magnesium and pyridoxal concentration on the bienzyme 

response were first investigated.  A zinc concentration of 1mM or a concentration of 

0.6mM magnesium achieved the most efficient indole production as shown in Figure S1.  

Magnesium was able to achieve higher production of indole compared to zinc.  This is 

consistent with previous study that with concentrations more than 40 µM ZnATP became 

inhibitory and MgATP was the preferred substrate. [3]  Figure S2 shows that pyridoxal in 

the concentration range of 0.1 to 5 mg/mL obtained highest concentration of indole 

production, but if pyridoxal is more than 5 mg/mL, there was obvious inhibitory effect on 

indole production.  

DNA Detection by Utilizing DNA Aptamer.  The DNA sequence for capture DNA, target 

DNA, ATP aptamer and complementary DNA sequences are showed below.  The process 

for doing rolling circle RCA and related DNA sequences followed published method. [4] 

Capture DNA sequence: BT-TTTTTTTTTTTTTTTTTTTTGGCCACAGTGGTACG 

Target DNA sequence: TCGTGGTGGCCTCGCGTACCACTGTGGCCA 

Primer part of RCA: CGAGGCCACCACGATTTTTTTTTTGGAGTATTGCGGAGGAAGG 
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Complementary DNA sequence for ATP aptamer： 
ACCTTCCTCCGCAATACTCCCCCAG  
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Figure S 1 Effects of Zinc and Magnesium concentration on indole production in bienzyme 
system containing 50 µg Pkase, 40 µg Tpase, 5 mg/mL pyridoxal, 15 mM L-tryptophan and 2 mM 
ATP.   
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Figure S 2  Effect of pyridoxal on indole production in bienzyme system containing 50 µg Pkase, 
40 µg Tpase, 0.6 mM Mg2+, 15 mM L-tryptophan and 2 mM ATP.  Each sample was prepared with 
three replicates. 
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Calculation: 

The dimensionless form of Henry’s Law constant is defined as the chemical’s 
molar concentration in aqua caq divided by molar concentration in gas cgas, as 
shown below: 

kHcc
caq
cgas

:=
caq

Henry’s law constant for indole (for 20°C at 1 atmosphere pressure) were 
reported to be 4.08 x 105  

kHcci 4.08 100000⋅ 4.08 105
×=:=

Indole has a molecular weight Mi:

Mi 117.15
gm
mol

:=

In a 40 mL bottle filled with 0.7 mL reaction mixture
VL 0.7mL:=

VG 40mL VL− 0.039 L=:=

By using colorimetric method, indole concentration in liquid could be 
quantified. If the measurement shows that indole concentration is X µg/mL, 
the mole concentration of indole in liquid Caqi could be calculated.  

If assume that X is 1 µg/mL 

X 1 10 3−
⋅

gm
L

:=

Caqi
X
Mi

:=

According to Henry’s law, the mole concentration of indole in gas phase Cgasi
is calculated to be 

Caqi 8.536 10 3−
×

mol

m3
=

Cgasi
Caqi
kHcci

2.092 10 8−
×

mol

m3
=:=

If assume that all the molecules in gas phase obey Ideal Gas Law, the mole 
concentration of air is calculated below: 

P 1.01325 105Pa⋅:=

Tair 20 °C:=



Cair
P

8.314
J

K mol⋅
Tair⋅

41.574
mol

m3
=:=

Thus indole concentration in the gas phase could be converted to the value in the unit of ppb:

ppb 10 9−
:=

Cppbi
Cgasi
Cair

0.503 ppb⋅=:=

Comparing quantity of product in gas phase to liquid phase

VL Caqi⋅ 5.975 10 9−
× mol= VG Cgasi⋅ 8.222 10 13−

× mol=
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Chapter 4  Controlling Biotinylation of Microgels and 
Modeling Streptavidin Uptake 
 
 
The experiments involved in Chapter 4 were mainly completed by myself, including the 

biotinylation of microgels, characterization of microgels and streptavidin uploading.  

Lizanne Pharand worked as a summer student to carry out some of the experiments.  

Quan Wen helped prepare some of the PNIPAM-VAA microgels.  Ferdinand Gonzaga, 

Dr. Li and Monsur Ali contributed helpful suggestions on biotinylation.  I wrote the first 

draft and Dr. Pelton helped write the modeling of streptavidin uptake.  Dr. Pelton and Dr. 

Filipe revised the paper draft and contributed many helpful suggestions on the 

experiments. 
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Abstract Compared are two approaches for the biotinyla-
tion of poly(N-isopropylacrylamide-co-vinylacetic acid)
microgels, 300-nm diameter, water swollen particles with
a corona of carboxyl groups. The biotinylated microgels are
a platform for bioactive water-based ink. Streptavidin
binding was measured as a function of biotin density, and
the results were interpreted with a new model that predicts
the minimum local density of biotins required to capture a
streptavidin. An amino-polyethylene glycol derivative of
biotin gave higher biotin contents than a biotin hydrazide.
However, the streptavidin content versus biotin content
results for both biotin derivatives fell on the same master
curve with maximum biotin coverage of 0.11 mg of bound
streptavidin per milligram of biotinylated microgel. Exclu-
sion experiments showed that streptavidin was too big to
penetrate the cross-linked microgel structure; thus, the
conjugated streptavidin was restricted to the microgel
surface. The colloidal stability of the microgels was
preserved, and the biotinylated products showed good
hydrolytic stability.

Keywords Microgel . Biotinylation . Bioconjugation .

Modeling

Introduction

Since the pioneering work of Kawaguchi [1] and Pichot [2],
poly(N-isopropylacrylamide) (PNIPAM) microgel (MG)
particles [3, 4] and plastic core–PNIPAM shell nanoparticles
[5] have found extensive use as support particles for drug
release and biodetection [6–9]. Two key properties account
for the interest in PNIPAM microgels. First, like polystyrene
and some other types of support particles, PNIPAM micro-
gels can be easily prepared as monodisperse (in diameter)
suspensions that can be freeze-dried and readily redispersed
in buffer. Second, PNIPAM, much like polyethylene glycol
(PEG), is a benign polymer exhibiting limited nonspecific
interactions with proteins and nucleic acid chains.

Most microgel applications require bioconjugation. Poly
(N-isopropylacrylamide) is rather inert, requiring a secondary
monomer suitable for bioconjugation. Carboxyl comonomers
are the most commonly reported. However, aminated [10]
and hydroxyl-containing microgels [11] have also been used
for bioconjugation. More sophisticated approaches, such as
biotinylated polymerization initiators [12] and photochemi-
cal modification [13], have also been reported.

In an effort to prepare microgel-based bioactive inks [14]
for paper-supported pathogen detection [15], we have
prepared biotinylated PNIPAM microgels. We chose car-
boxylated microgels because we can control the distribution
of carboxyl groups by selecting the carboxyl monomer with
appropriate reactivity ratios [16, 17]. This paper summa-
rizes a detailed investigation of microgel biotinylation and
its impact on streptavidin (SP) binding. In addition to
presenting robust approaches to biotinylation, we describe a
simple model that gives some physical insight into the
conditions leading to streptavidin binding.

There have been other reports of microgel biotinylation.
Debord and Lyon discussed the extremely high hydrolytic
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stability of N-hydroxysulfosuccinimide (sulfo-NHS)-
activated PNIPAM-co-acrylic acid microgels [18]. The
activated microgels were nearly double the size of the
parent microgels and displayed none of the temperature
sensitivity expected with NIPAM copolymers. They
showed that 50 °C treatment with ethanol and NaOH
was required to have a complete hydrolysis. They
concluded that the sulfo-NHS esters were too stable for
useful bioconjugation. This work was of some concern
since we employed sulfo-NHS in our work.

In our work we coupled biotin hydrazide and an amino-
PEG biotin derivative to sulfo-NHS-activated carboxylated
PNIPAM microgels—see the reaction scheme in Fig. 1.
Biotin hydrazide is normally employed for coupling to
aldehydes or ketones [19]. However, there are reports of
hydrazide coupling to activated carboxyls [20–22]. Nayak
and Lyon’s work is the first we have found that employed
biotin hydrazide for coupling to carboxylated microgels
[23]. The results presented herein are the first quantitative
comparison of amine versus hydrazide conjugation strate-
gies for microgels. In addition, a new model is presented
that gives insight into the factors influencing the streptavi-
din binding density as a function of the surface density of
biotin sites.

Experimental procedures

Chemicals N-Isopropylacrylamide (NIPAM; 99%, Acros
Organics) was purified by crystallization from a 60:40
toluene/hexane mixture. N,N-Methylenebisacrylamide,
vinylacetic acid (97%), sodium dodecyl sulfate, 2-(N-
morpholino)ethanesulfonic acid (MES), and ammonium
persulfate (99%) were from Aldrich. N-(3-Dimethylamino-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC), biotin,
SP, Atto 610-Streptavidin (Atto-SP), potassium periodate,
ammonium molybdate, potassium iodate, potassium iodide,
sodium chloroacetate, p-dimethylaminocinnamaldehyde,
and Avidin/HABA reagent were from Sigma. Biotin
hydrazide, biotin–PEG2–amine, and sulfo-NHS were from
Pierce. The water used in this work was Millipore Milli-Q
grade.

Microgel preparation and characterization PNIPAM-VAA
microgel was prepared by the Hoare's method [24]. The
polymerization was conducted in a 500-mL three-necked
flask fitted with a condenser and a glass stirring rod. The
reaction mixture consisted of 12.4 mmol NIPAM (1.403 g),
0.65 mmol MBA (0.100 g), 0.17 mmol sodium dodecyl
sulfate (0.049 g), and 1.2 mmol vinyl acetic acid (0.10 g) in
150 mL water. After heating to 70 °C under a nitrogen
blanket, 0.52 mmol (0.100 g) of ammonium persulfate
initiator, dissolved in 10 mL water, was added. The mixture
was stirred overnight at 250 rpm with a glass/Teflon paddle
stirrer. After cooling to room temperature, the microgel
dispersion was washed by several cycles of ultracentrifu-
gation (Beckman model Optima L-80 XP, 50 min at
50,000 rpm) and redispersion in water. The microgel was
considered to be clean when the supernatant conductivity
was less than 5 μS/cm. Microgels were lyophilized and
stored at room temperature.

The carboxyl content (from vinylacetic acid) of the
microgel was determined by potentiometric titration using a
Burivar-I2 automatic buret (ManTech Associates). Lyoph-
ilized microgel was suspended (1 mg/mL) in a 1 mM KCl
solution. The pH was manually lowered to 3.0, and the
sample was titrated with 0.1 M NaOH. Await time of 300 s
between injections was used to ensure complete ionic
equilibration

Dynamic light scattering was used to measure the
hydrodynamic diameter of the microgel. Measurements
were made with a detection angle of 90° using a
Brookhaven instrument fitted with a Melles Griot HeNe
632.8-nm laser and a BI-APD solid state detector. Micro-
gels were dispersed in 1 mM KCl, and the pH was
controlled. The scattering intensity was adjusted from 100
to 250 kcps, and the results were analyzed with the
cumulant model using Brookhaven Software 9kdlsw32
ver. 3.34.
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The electrophoretic mobilities of the microgel suspensions
were measured using a ZetaPlus analyzer (Brookhaven
Instruments Corp.), which was operating in phase analysis
light scattering mode. Samples were dispersed in 1 mM KCl,
and the pH was adjusted with NaOH or HCl. A total of ten
runs (15 cycles each) were carried out for each sample.

Microgel biotinylation Table 1 summarizes the conditions
used to biotinylate the microgel. The biotinylated microgel
(BMG) series was prepared with biotin hydrazide, whereas
the BaMG series was prepared with biotin–PEG–amine (see
structures in Fig. 1). The preparation of BMG8 is described
as an example. To 150 mg of MG in 150 mL water was
added a 156-mg biotin hydrazide in 10 mL DMSO at room
temperature. After 5 min, EDC and sulfo-NHS were added,
and the pH was adjusted to 7.4 with NaOH (0.01 mol/L).
The mixture was stirred for 10 h with pH adjusted to ~7.4
by HCl (0.01 mol/L) every 30 min. By the end of the
reaction period, the pH did not drift. The microgel product,
BMG8, was purified by several cycles of ultracentrifuga-
tion (50,000 rpm, 50 min), decantation, and redispersion in
water. BMG1 to BMG7 were prepared on a smaller scale
and included two to four replicates—see Table 1. BaMG1
and BaMG2 were also prepared on a smaller scale by
adding amine–PEG2–biotin instead of biotin hydrazide.

Three methods were used to estimate the biotin content
of the microgels. Method 1 was adapted from the work of
McCormick and Roth, which describes the formation of a
colored adduct between biotin and p-dimethylaminocinna-
maldehyde under anhydrous conditions [25]. Two stock
solutions were prepared: A was 0.2% p-dimethylaminocin-
namaldehyde in absolute ethanol, and B was 2% (v/v) of
sulfuric acid in absolute ethanol. In preparing a calibration
curve, it was necessary to account for the slight light

scattering of the microgels. Ten to 100 μg of biotin and
1 mg of microgel were dissolved in 1 mL of solution B.
Then 1 mL of solution A was added, and the solution was
diluted with 8 mL of absolute ethanol. After an hour at
room temperature, the absorbance of the reddish-orange
color solution was measured at 533 nm with a UV–VIS
spectrophotometer (Beckman Coulter, DU800). The reagent
blank was prepared by dissolving 1 mg of microgel in 1 mL
of solution B and by mixing with 1 mL of solution A and
8 mL of absolute ethanol.

For analysis of the BMG, 1 mg of dried BMG was
dissolved in 1 mL of solution B, mixed with 1 mL of
solution A, and diluted with 8 mL of absolute ethanol. The
reagent blank was 1 mg of MG dissolved in 1 mL of
solution B, mixed with 1 mL of solution A, and diluted
with 8 mL of absolute ethanol.

Method 2 was adapted from the work of Ahmed and
Verma [26]. In this method potassium periodate selectively
oxidizes the sulfide in biotin to a sulfoxide plus iodate ion.
The iodate product was converted to iodine, which was
determined by titration. The following stock solutions were
prepared: 80 μg/mL biotin solution, 0.01 mol/L potassium
periodate solution, 3% ammonium molybdate solution,
0.1 mmol/L potassium iodate solution, 0.5 mol/L potassium
iodide solution, and 0.5 mol/L sodium chloroacetate
solution at pH 3 as buffer. A calibration curve was
generated as follows. Into 50 mL standard flasks, 0.2, 0.4,
0.6, 0.8, and 1.0 mL of biotin solutions were mixed with
2 mL of periodate solution. The neck of the flask was
washed with water to bring the volume to 5 mL. Then the
mixture was shaken and left at room temperature for
20 min. Ten milliliter of molybdate solution, 5 mL of
buffer solution, and 10 mL of iodide solution were added
and mixed by shaking. Again the mixture was left for

Table 1 Summary of conditions for microgel biotinylation

Name Biotin hydrazide in
3 mL DMSO (mg)

PNIPAM-VAA
(mg; 1 mg/mL H2O)

EDC
(mg; 1 mg/mL H2O)

Sulfo-NHS
(mg; 1 mg/mL H2O)

Biotin content
(μg/mg MG; method 2)

BMG1 3 50 50 50 2.70

BMG2 8 50 50 50 3.75

BMG3 15.3 50 50 50 4.25

BMG4 17 50 50 50 5.82

BMG5 26 50 50 50 6.92

BMG6 38 50 50 50 12.86

BMG7 51.8 50 50 50 18.64

BMG8 156 (10 mL DMSO) 150 150 167 24.39

BMG9 50 50 50 50 21.83

BMG10 38.5 50 50 50 12.2

BaMG1 50a 50 50 50 42.55

BaMG2 38.5a 50 50 50 29.75

a Biotin–PEG2–amine (in milligram)
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30 min. Finally, the volume was adjusted to 50 mL, and the
absorbance was measured at 350 nm with a UV–VIS
spectrophotometer (Beckman Coulter, DU800). For micro-
gel analysis, 1 mL of 1 mg/mL BMG was placed into a 50-
mL standard flask, followed by the steps described above.
The biotin concentration was determined by the calibration
curve and the results expressed as a mass fraction of the
microgel. The sample blank in the spectrophotometer
contained microgel to account for minor scattering effects.

In method 3 potentiometric titration was used to measure
the carboxyl content before and after biotinylation. The
difference was assumed to represent the biotin content.

Atto-SP (fluorescent streptavidin) binding to BMG1 to
BMG7 Fluorescently labeled streptavidin was employed to
quantify binding to the microgel. Wet BMG pellets, formed
by ultracentrifugation, were washed in PBS buffer
(10 mmol/L). To 1.2 mL BMG suspension (1 mg/mL) in
PBS buffer (10 mmol/L) was added 0.3 mL of Atto-SP
solution (1 mg/mL in PBS buffer). After 4-h mixing at
room temperature, the product was washed by several
cycles of ultracentrifugation and redispersion in 10 mmol/L
PBS buffer. The fluorescent intensity (excitation at 605 nm,
measurement at 630) of 2.4-mL samples of Atto-SP–BMG
suspensions (0.5 mg/mL PBS) was measured with a Cary
Eclipse Fluorescence Spectrophotometer (Varian).

Streptavidin binding to BMG8, BaMG1, and BaMG2 Strep-
tavidin solution (2.4 mL; 1 mg/mL in PBS buffer) was
added to 16 mL BMG8 (1 mg/mL) in PBS buffer
(10 mmol/L). The dispersion was gently mixed for 4 h at
room temperature. The product, SP–BMG, was cleaned by
3 cycles of centrifugation and redispersion in 1 mM KCl.

Biotin and streptavidin penetration of microgel With the
PNIPAM-co-vinylacetic acid microgels, most of the
carboxyls are on the exterior surface of the microgel
[17]. Nevertheless, we were interested in knowing whether
or not the biotin and streptavidin reagents could penetrate
the microgel network. To test this, 6 mg of dry MG were
added to 2 mL of PBS (10 mmol/L) solutions containing
either biotin (40 μg/mL) or streptavidin (8 μg/mL). The
samples were equilibrated overnight at room temperature.
The swollen microgels were centrifuged, and the concen-
trations of biotin and streptavidin in the supernatants were
measured by the Avidin/HABA assay (Sigma) and by the
Bradford assay (Sigma), respectively. A number of
replicated experiments showed that aqueous biotin con-
centration after centrifugation equaled the calculated
value. By contrast, streptavidin concentration in the
supernatant was 10.3 μg/mL, 20% higher than the overall
concentration of 8 μg/mL, indicating that streptavidin was
excluded from the interior of the swollen microgel

particles. Presumably, the mesh size of the cross-linked
PNIPAM network was too small to pass streptavidin.

Results and discussion

The PNIPAM MG employed in this work was a copolymer
of PNIPAM, methylenebisacrylamide, and vinylacetic acid
[24]. The microgels are colloidal-sized spheres with narrow
particle size distributions. This is a unique microgel system
because the carboxyl groups are present on the exterior of
the microgel on the end of short chains protruding from the
microgel surface, ideal for bioconjugation [27].

Our initial attempts at microgel biotinylation involved
the biotin hydrazide reaction with EDC-activated MG either
in MES buffer (20 mM, pH 5.5) or water. In buffer the
microgels aggregated, whereas in water the microgels were
stable, but the yield was too low (7 μg biotin per milligram
dried microgel) based on method 1. This corresponds to
10% conversion of microgel carboxyl groups.

In subsequent work the microgels were derivatized by
EDC/sulfo-NHS/biotin hydrazide (Fig. 2). The conditions
are summarized in Table 1. Microgels BMG1–BMG7 were
replicated between two and four times, and the microgels
were used to determine the role of biotin content on
streptavidin binding. BMG8 was prepared on a larger scale.
The biotin content of BMG8 was determined by three
methods, and the results are compared in Table 2. Method 1
showed good agreement with method 2, whereas the result
from titration was lower with more uncertainty.

The percent biotinylation of microgel carboxyl groups for
all of the preparations in Table 1 is shown as functions of
concentrations of biotin hydrazide or biotin–PEG2–amine in
Fig. 3. Carboxyl conversion increased with concentration of
biotin hydrazide. Note that in all cases the biotin reagent

Fig. 2 Influence of concentrations of biotin hydrazide and biotin–
PEG2–amine on the percent conversion of microgel carboxyls. The
open squares denote results obtained many months after the solid
square results
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concentrations were in large excess with less than 5% being
consumed by the microgels. The highest carboxyl conver-
sions were for biotin–PEG2–amine. Although high degrees
of biotinylation are not required (see below), more efficient
use of the biotin reagents would be advantageous.

Dynamic light scattering and microelectrophoresis were
used to measure microgel particle diameter and electropho-
retic mobility as functions of pH. Particle diameter results
show changes in particle swelling with pH and also can
indicate the onset of colloidal aggregation. Microelectropho-
resis gives a sensitive measure of the net electrical charge on
the exterior of the microgel. Figure 3 shows the electropho-
retic mobility and diameter of MG, the starting microgel,
BMG8, the BMG, and SP–BMG obtained by exposing
BMG8 to excess streptavidin.

The starting MG shows pH-dependent swelling and electro-
phoretic mobility reported previously [24]. MG behavior with

pH reflects the dissociation of carboxyl groups isolated on the
surface. The BMG is slightly less swollen and slightly less
charged than MG, reflecting the replacement of about 29% of
the charged carboxyls with nonionic biotins (based on method
3). Colloidal and nanoparticle support particles often have
aggregation problems when undergoing surface modification.
Indeed, SP–BMG results in Fig. 3, and electron micrographs
indicated limited aggregation at low pH corresponding to the
isoelectric point of the modified microgel.

We were also concerned about the possible presence of
residual sulfo-NHS based on the work of Debord and Lyon
[18]. Residual sulfonate groups from sulfo-NHS (species 3
in Fig. 1) should cause enhanced swelling and should
contribute to the electrophoretic mobility. Our results did not
show either of these effects, suggesting very little residual
sulfo-NHS in our microgels. The carboxyl groups are on the
exterior of the PNIPAM-VAA microgels, whereas the
PNIPAM–AA microgels in Lyon's work would have interior
carboxyls as well. Interior sulfo-NHS-activated carboxyls
may be more stable.

We were also concerned that excess EDC might lead to
the formation of nonreactive N-acylurea adducts proposed
by Nakajima and Ikada—structure 5 in Fig. 1 [28]. The
presence of these groups should lower swelling, lower the
electrophoretic mobility, and give artificially high biotin
contents, estimated by changes in the titratable carboxyl
contents. Since the titration actually underestimated the
biotin content (see Table 2) and since there were no
unexpected effects in swelling or electrophoretic behavior
(Fig. 3), we concluded that N-acylurea adducts were not
significant in our microgels.

Streptavidin binding (SP–BMG in Fig. 3) had a large
influence on microgel diameter and surface charge. The
isoelectric point of streptavidin is around 7.5 [29], whereas
SP–BMG had zero electrophoretic mobility around pH 4.7,
suggesting a surface with more negative charge than
present on pure streptavidin. Unlike MG and BMG, the
SP–BMG particle size data did not decrease at low pH.
Electron micrographs indicated limited aggregation at low
pH corresponding to crossing the isoelectric point.

The binding of fluorescently labeled streptavidin (Atto-SP)
to biotinylated microgels BMG1 through BMG7 was mea-
sured, and the results are shown in Fig. 4 as a plot of
streptavidin content versus biotin content in the BMG. The
maximum Atto-SP content was ~0.11 mg/mg of BMG. The
area of the binding face on biotin is ~31 nm2 [30]. Assuming
close packing of biotin cubes onto a 300-nm microgel gives
a mass fraction of streptavidin of 0.27 mg/mg. Thus, the
experimental 0.11 mg/mg value corresponds to about one-
third close packing. In the following paragraphs, a simple
model is developed giving the curve in Fig. 4.

Consider a biotin attached to a surface of a sphere. We
assume that a streptavidin will bind to a specific biotin

Fig. 3 Influence of pH on swelling (b) and electrophoretic mobility
(a) of carboxylated microgel MG, biotinylated microgel BMG8
(24.39 μg biotin/mg MG based on method 2), and streptavidin-
treated microgel SP–BMG (0.11 mg streptavidin/mg BMG)

Table 2 Biotin content of BMG8 determined by three methods

Biotin content (μg/mg)

Method 1 21.49±1.1

Method 2 24.39±1.58

Method 3 18.34±5.17
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moiety if the center of the streptavidin lands within a circle
surrounding the biotin that we call the capture circle or
disk, having a capture area of Aca.

We further assume that biotins are randomly distributed
on the microgel surface. Disks associated with different
bound biotin groups can overlap, so we define 1 as the
average number of disks at any point on the surface of the
microgel sphere. 1 is given by the following expression
where d is the diameter of the microgel, Aca is the area of
the capture disk, and nbi is the number of biotin molecules
per microgel, which is equal to the number of disks.

l ¼ nbiAca

pd2
ð1Þ

However, if the biotins are randomly distributed, 1 will
also vary across the microgel surface. The random distribu-
tion of disks on a surface is a Poisson process, and the
probability, Pbare, of a point on surface being covered with
zero disks (i.e., giving no binding sites for streptavidin) is
given by the following:

pbare ¼ exp �lð Þ ¼ exp � nbiAca

pd2

� �
ð2Þ

If the maximum quantity of bound streptavidin on a
completely coated microgel is Γmax, the relationship between
streptavidin coverage and biotin content is given by

Γ ¼ Γmax 1� Pbareð Þ ¼ Γmax 1� exp �lð Þð Þ

¼ Γmax 1� exp � nbiAca

pd2

� �� �
ð3Þ

Equation 3 was used to generate the solid line in Fig. 4,
and the values of the parameters used are given either in the

figure or in the caption. Aca, the area of the capture disk, is
the only completely adjustable parameter. An Aca value of
7 nm2 was required to fit our data. This value is about 20%
of the area of a binding face on streptavidin molecule and
seems reasonable. 1/Aca, the inverse of the capture area,
corresponds to minimum local density of biotins that will
capture a streptavidin. Aca=7 nm2 corresponds to a biotin
density of about 31 μg biotin/mg of microgel, the units
used in the x-axis of Fig. 4. Thus, from Fig. 4, we see that
when the average microgel biotin content is 31 μg biotin/
mg of microgel=1/Aca, the microgel is saturated with bound
streptavidin.

For our modeling we used the experimental value of
Γmax, the maximum bound streptavidin content. For a
highly biotinylated surface, the maximum streptavidin
content is dictated by the ability of the proteins to pack.
Protein–protein repulsion from steric and electrostatic
forces will be pH- and ionic strength-dependent. In the
absence of experimental data, Γmax can be estimated from
molecular models.

The main advantage of applying our model (Eq. 3) to
experimental data is that it gives a measure of the capture
disk area and its inverse, which is the minimum local
density of biotin required to capture a streptavidin. Of
course, this approach could be applied to other specific
binding pairs.

Biotinylated microgel is only useful if the preparation is
reproducible and the product is stable. Table 3 compares the
biotin contents of BMG7 and BMG8 measured over many
months. The two microgels had remarkably similar charac-
teristics, in spite of the fact that they were made from
different preparations of the parent PNIPAM-VAA micro-
gel. The biotin contents of both microgels decreased by
about one-third over a year of storage. Reports in the
literature suggest that derivatives of biotin hydrazide can
have stability problems [31, 32].

In summary, biotinylation and streptavidin binding are
widely used bioconjugation methodologies and are thus
considered routine. Nevertheless, initially we had difficul-
ties with microgel aggregation and low degrees of
biotinylation. In this work we have illustrated that under
the right conditions, PNIPAM-co-vinyl acetic acid micro-
gels are particularly amenable to biotinylation and subse-

Fig. 4 Influence of the biotin content in the microgel on streptavidin
uptake. The y-axis error bars denote the span of data; the x-axis error
bars are standard error, and mean values are based on three to four
replicates. The curve was calculated by Eq. 3. The key model
parameters are on the plot; in addition, the calculation required the
diameter of the deswollen microgel (200 nm), the diameter during
conjugation (300 nm), and the assumed water content of the deswollen
microgel (20%)

Table 3 The stability and reproducibility of biotinylated microgel

BMG8 BMG7

Biotin quantified in Nov 2008 (μg/mg) 24.39 N/A

Biotin quantified in May 2009 (μg/mg) N/A 18.64

Biotin quantified in Sep 2009 (μg/mg) 16.58 16.40

Atto-SP binding BMG (mg/mg) ~0.11 ~0.11

Freeze-dried microgel was stored at 4 °C between measurements
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quent streptavidin binding. Finally, we have developed a
simple model to help interpret the dependency of strepta-
vidin binding on biotin density.

Conclusions

The major conclusions from this work are the following:

1. Biotin hydrazide coupling to NHS-activated PNIPAM-
carboxylated microgels can be regulated to control the
streptavidin binding capacity of the microgels. The
preparations were reproducible; however, the biotin
content of the hydrazide derivative decreased slowly
with storage time.

2. Microgel colloidal stability was maintained throughout
the conjugation.

3. Microgel swelling (diameters) and electrophoretic
mobility values are sensitive probes of the changes in
surface properties during the stages of conjugation
reactions.

4. Streptavidin was too large to penetrate our microgels,
whereas biotin freely accessed the microgel core.

5. A model based on Poisson statistics gave good fits to
plots of streptavidin versus biotin content. The
resulting capture disk area gives a measure of the
minimum local density of biotin required to capture a
streptavidin.
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Figure S 1. Standard curves of fluorescence intensity vs. Atto-SP concentration under 
different mole ratio of biotin to Atto-SP. Biotin binding induces fluorescence enhancement 
of Atto-SP labelled streptavidin. The standard curves corresponds to literature. (Al-Hakiem, 
Landon et al. 1981) 
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Figure S 2. Standard curve of absorbance at 533nm vs. biotin concentration by method I.  
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Figure S 3. The standard curve of absorbance at 350nm vs. biotin concentration by Method 
II 
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Schemes 

 
 

 
Scheme S 1. Mechanism for Mehod I, biotin and p-dimethylaminocinnamaldehyde react 
under anhydrous conditions to form a product that has maximal absorbance at 533 nm 
(McCORMICK and Roth 1970).  
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Scheme S 2. Mechanism for Method II, biotin reacts with periodate to form a sulphoxide 
and an iodate (Ahmed and Verma 1979).  
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Chapter 5  Immobilization of a Bienzymatic Smell 
Generating System on Paper Using Microgels  
 
 
Abstract  
 
In the pevious chapters, a new smell generating biosensor was invented by using a 
bienzymatic system consisting of pyridoxal kinase and tryptophanase.  In this Chapter, it 
is shown that the bienzyme system can be immobilized onto microgel particles and these 
particles can be added to paper – leading to the creation, for the first time, of a paper 
based smell-generating biosensor.  Poly(N-isopropylacrylamide-co-vinylacetic acid) 
(PNIPAM-VAA) microgels were biotinylated first and  biotinylation of the enzymes was 
done  using either Sulfo-NHS-biotin or amino biotin, without significant loss of enzyme 
activity.  Biotinylated pyridoxal kinase and tryptophanase were attached to PNIPAM-
VAA microgels using avidin.  The enzyme loaded microgels were spotted on paper and 
the enzyme activity remaining on paper was compared with and without the use of 
microgels.  The results obtained clearly show that the bienzyme system works on paper, 
leading to smell generation on paper in the presence of the target. The results also show 
that the process of biotinylation and uploading of bienzyme on microgel particles leads to 
a similar activity of the biosensor after washing the paper with buffer. The work in this 
Chapter is the first function demonstration of a paper sensor that reports the presence of a 
target by generating a smell. 
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5.1 Introduction  
Bioactive paper has been gaining a great deal of interest, mainly in the last decade.  
Bioactive paper was defined as “paper-like products, cardboard, fabrics and their 
combinations, etc., with active recognition and/or functional material capabilities” by a 
Finnish research organization. [1]  Two key properties account for the interest in bioactive 
paper.  First, paper is easily accessible, cheap, environmentally friendly and commonly 
used as typical filter material or packing material.  Second, cellulose is biomolecule 
friendly [2] and porous structures in paper enable efficiency in trapping biomolecules. [3]  
 
There are several major bioactive-paper research initiatives in the world currently, 
including SENTINEL bioactive paper network in Canada, Whiteside’s group at Harvard, 
and other groups in Australia and Japan. [3] The main efforts have been directed towards 
building cheap and efficient paper chips for diagnostic applications [4], environmental 
control [5], food safety control [6] and virus/DNA detections.[7]  Usually, a visual signal is 
utilized to report the detection because it is a direct signal to the human eye.  These visual 
signals include color [8], illuminance [9] and fluorescence [7].  
 
In Chapter 3 of this thesis a new generic smell-generating biosensor was reported.  This 
biosensor could detect adenosine-5’-triphosphate (ATP) and generate a smell through the 
production of indole or methyl mercaptan.  Since ATP that exists in virtually any 
biological system, this biosensor could be applied to a large number of biological events.  
Because a smell signal is also a direct signal to the human nose, and because it can be 
detected under any light conditions, the smell-generating biosensor has high potential for 
various applications.  However, solution based systems are not ideal for practical use, 
especially when multiple steps and sample manipulation are required for analysis.  Herein 
we report on the immobilization of the bienzyme system described in Chapter 3, which 
consists of pyridoxal kinase and tryptophanase, onto PNIPAM-VAA microgels through 
biotin-avidin linkage. It was found that the bienzyme system does not loose its activity 
after being immobilized on the particles. It was also found that using these particles, it is 
possible to immobilize the bi-enzymatic system on paper, which is a first (but important 
step) in the creation of a smell generation bioink. 
 
 
5.2 Experimental   

5.2.1 Chemicals.  
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), avidin from egg 
white, streptavidin, Isopropyl β-D-1-thiogalactopyranoside (IPTG), Kovac’s reagent, 
Bradford reagent and Avidin/HABA reagent were from Sigma.  Biotin hydrazide, biotin-
PEG2-amine, N-hydroxysulfosuccinimide (NHS) and EZ-Link Sulfo-NHS-biotin reagent 
were from Pierce. The water used in this work was Millipore Milli-Q grade.  KDP buffer 



PhD Thesis – Yaqin Xu       McMaster University – Chemical Engineering 
 

69 
 

consisted of 0.2 M potassium phosphate (pH 7.8), 2mM dithiothreitol and 6.7 mM 
ammonium sulfate.   

5.2.2Preparation of Biotinylated and Avidin Uploaded Microgels.  
Poly(N-isopropylacrylamide-co-vinylacetic acid) (PNIPAM-VAA) microgel was 
prepared by Hoare’s method. [10]  Then the microgel was biotinylated according to the 
procedure for preparing “BMG1” described before in chapter 4.  To 50 mg of microgels 
in 50 mL water was added a 50 mg biotin hydrazide in 3 mL DMSO at room temperature.  
After 5 min, EDC and sulfo-NHS were added, and the pH was adjusted to 7.4 with NaOH 
(0.01 mol/L).  The mixture was stirred for 10 h with the pH adjusted to ~7.4 by HCl (0.01 
mol/L) every 30 min.  Then the MG was washed by several cycles of ultracentrifugation 
(50,000 rpm, 50 min), decantation, and redispersion in water and stored in fridge.   
 
Avidin and streptavidin uploading on biotinylated microgel (BMG) were compared by 
adding 450 µg avidin or streptavidin to 3 mL 1 mg/mL BMG in PBS buffer (10mM, pH 
7.4).  The mixture was stirred at room temperature for 4 hours and then the microgels 
were collected and washed three times by ultracentrifugation in PBS buffer.  The cleaned 
microgels were resuspended in 3 mL PBS buffer.  Each sample was done in triplicates.  A 
set of control samples was created by only adding PBS buffer to BMG.  Then 50 µL of 
each sample was taken out and diluted to 200 µL and a Bradford microassay was used to 
determine protein concentration.  

5.2.3 Preparation of Biotinylated Enzyme.   
As described in Chapter 2, TPase was effectively biotinylated by Sulfo-NHS-biotin with 
the presence of L-tryptophan.  Briefly, three samples of TPase were prepared at 4 mg/mL 
concentrations.  500 µL of each sample was added to L-tryptophan with a final 
concentration of 10 mM and 200 µg of Sulfo-NHS-biotin was added to each.  The 
samples were left at room temperature for 2 h, after which another 200 µg of biotin were 
added to each and the samples were placed on ice for four hours.  Another 200 µg of 
biotin was added after the four hours and the samples were placed in the fridge overnight.  
The following day, the solutions were transferred into dialysis tubes and dialyzed in 
potassium phosphate buffer (20 mM, pH 7.8) for 8 hours.  The dilution buffer was 
changed  2 h, 5 h and 8h.  The beaker containing the dialysis buffer and tubes was placed 
in the fridge (4 °C) overnight.  The next day, the dialyzed solution was transferred to 
glass vials and the protein concentration of biotinylated TPase (BTPase) samples were 
determined by a Bradford assay and the biotin content on TPase was determined by using 
Avidin/HABA reagent. 
 
Pyridoxal kinase was purified by following published materials and the procedure 
described in Chapter 3. [11]  Biotinylation of PKase followed a similar procedure to the 
biotinylation of TPase.  PKase was biotinylated in the presence of 0.1 mg/mL pyridoxal, 
using sulfo-NHS biotin and amine-PEG2-biotin.  To 1.4 mL PKase (0.3mg/mL) solution, 
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200 µg Sulfo-NHS-biotin or biotin-PEG2-amine was added first and the mixture was left 
to sit at room temperature for 2 hours.  Then another 200 µg biotin reagent was added and 
the mixture was placed on the ice for 4 hours.  Following this another 200 µg biotin 
reagent was added and the mixture was placed in the fridge (4oC) overnight.  The next 
day, the mixture was transferred to a dialysis tube and dialyzed against potassium 
phosphate buffer (20 mM, pH 7.8) for 8 hours.  The dilution buffer was changed after 2 
hours, 5 hours and 8 hours.  The beaker containing the dialysis buffer and tube was placed 
in the fridge (4oC) overnight.  The following day, the dialyzed solution was transferred to 
a glass bottle from dialysis tube.  The concentration of biotinylated PKase (BPKase) was 
measured by using Bradford reagent.  The amount of biotin on BPkase was measured by 
Avidin/HABA method.   

5.2.4 Immobilization of Enzyme on Microgels.   
To 1 mL of ABMG (avidin immobilized biotinylated microgels, avidin-BMG), 400 µg 
BTpase or BPKase was added and the mixture was left in fridge (4°C) overnight.  The 
following day, all the samples were ultracentrifuged and the supernatants were kept.  The 
samples were then washed two times with potassium phosphate buffer (200 mM, pH 7.8), 
and the cleaned pellets were resuspended in the same buffer.  The protein concentration in 
the supernatant was measured by the Bradford method.  The amount of immobilized 
enzyme was determined indirectly from the difference between the amount of protein 
introduced into the reaction mixture and the amount of protein present in the washing 
solutions after immobilization.  Each sample was prepared in triplicate.   

5.2.5 Assay of Enzyme Activity.   
TPase activity was determined by measuring the product produced using two different 
substrates, L-tryptophan or S-methyl-L-cysteine (SMLC).  If L-tryptophan was used, the 
indole produced was measured with a spectrophotometer, following the procedure 
described before in Chapter 3 using Kovac’s reagent and measuring absorbance under 
570 nm.  The 700 µL reaction mixture contained 15 mM L-tryptophan or SMLC and 0.1 
mM pyridoxal phosphate (PLP).  If SMLC was used as the substrate, the concentration of 
methyl mercaptan produced in a 40 mL glass vial was quantified using an electronic nose, 
ToxiRAE PID detector.  The activity of PKase was measured by following the published 
method. [12]  10 µg of each pyridoxal kinase sample was used to create a 700 µL solution, 
which also contained pyridoxal (0.05 mg/mL), magnesium chloride (0.6 mM), ATP (2 
mM), and KDP buffer was to adjust the final volume. These samples were left at room 
temperature for one hour, and then placed on ice for 10 minutes. To each sample, 92.1 µL 
of H2SO4 and 0.67 µL of phenylhydrazine were added and the samples were left for 30 
minutes on ice before being transferred to cuvettes and read with the UV 
spectrophotometer at 410 nm.  These readings were compared against a standard curve 
for PLP concentration and the amount of PLP produced in each sample was determined.  
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5.2.6 Comparison of Single Enzyme Activity on Paper with and without 
MG.   
Preliminary experiments showed that spotting the enzymes on paper does reduce enzyme 
activity (data not shown here).  To compare the activity of TPase on paper with the 
activity of TPase-MG ( tryptophanase immobilized on microgels) on paper, 25 µg of 
TPase solution or TPase-MG solution containing 50 µg of TPase was spotted on paper 
strips (No. 1 Watman filter paper, 1×0.5 cm) and the strips were left to dry at room 
temperature for 1 hour.  Then the paper strips were totally submerged into 700 µL of 
reaction mixture to test the enzyme activity.  A similar procedure was done to compare 
the percentage of PKase activity enzyme activity retained on paper with or without and 
immobilizing trhe enzyme on the microgels.  PKase solution containing 25 µg of Pkase or 
PKase-MG (pyridoxal kinase immobilized on microgels) solution containing 50 µg of 
PKase were used.  The percentage of enzyme activity retained on paper is calculated as 
the amount of product generated by enzyme on paper divided by the amount of produce 
generated by free enzyme in solution. 
 
Washing experiments on enzyme immobilized paper strips were carried out after drying 
the paper strips at room temperature for 1 hour.  The paper strips were flushed using 10 
mL of 20 mM potassium phosphate buffer (pH 7.4) for 5 mins as shown below in Figure 
1.  Then the paper strips were totally submerged into 700 µL of reaction mixture to test 
the amount of the product generated by the enzyme on paper.   
 
 

 
Figure 1  Device for washing experiments on paper strips. 

 

5.2.7 Immobilized Bienzyme for Detection of ATP.   
After investigating the immobilization of single enzyme on paper, the immobilized 
bienzyme system on paper was used for detection of ATP.   TPase-MG solution 
containing 100 µg of TPase and PKase-MG solution containing 100 µg of PKase were 
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mixed and spotted on paper strips (No. 1 Whatman filter paper, 1×0.5 cm) and the strips 
were left to dry at room temperature for 1 hour.  The solution containing 25 µg of TPase 
and 25 µg of PKase was mixed and the volume was adjusted by adding KDP buffer to be 
the same as the sample volume with microgels.  Then the solution was spotted on paper 
strips.  Every sample was done in triplicates.  After drying, the paper strips were totally 
submerged into 700 µL of reaction mixture separately for the detection of ATP.  The 
reaction mixture contains 0.1 mg/mL pyridoxal, 0.1 mM Mg 2+, 0.2 mM ATP and 15 mM 
L-tryptophan.  The amount of indole generated on these paper strips were quantified by 
colorimetric method, and the activity of the bienzyme system on paper with or without 
microgels were compared.  
 
Similar to the washing experiments above, bienzyme immobilized paper strips were dried 
at room temperature for 1 hour and washed on the filter on the top of a vacuumed filter 
flask by 10 mL of 20 mM potassium phosphate buffer (pH 7.4) for 5 mins.  Then the 
paper strips were totally submerged into 700 µL of reaction mixture to test the amount of 
indole generated by the bienzyme on paper.   
 
5.3 Results and Discussion 
 
The PNIPAM microgel (MG) employed in this work was a copolymer of PNIPAM, 
methylenebisacrylamide, and vinylacetic acid. [10]  This MG has carboxyl groups present 
on the exterior of the microgel surface which is ideal for bioconjugation.  Previous work 
in our group directly coupled streptavidin to microgel to build a platform for the 
immobilization of biomolecules, such as DNA aptamers and antibodies. [13]  However, the 
streptavidin coverage was very low (around 7.5 µg per mg MG). [13]  Our work in Chapter 
4 showed that biotinylation of microgel achieved higher streptavidin loading of 120 µg 
per mg BMG. [14]  This provides a platform for highly efficient biomolecule 
immobilization on microgel.   
 

 
Figure 2.  Streptavidin binding on biotinlyated microgels (BMG) vs. Avidin binding on BMG 
 
Streptavidin is very expensive compared to avidin.  Avidin and streptavidin have almost 
identical three dimensional structures and both have four binding sites for biotin, but they 
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have different molecular weight and different amino acid sequences.  Avidin has higher 
affinity for biotin, which is given by a Kd of 10-15 M, while streptavidin has lower affinity 
of Kd around 10-13 M, but streptavidin has higher specificity for biotin. [15]  Figure 2 shows 
the binding of streptavidin vs. avidin on BMG.  Quantification of streptavidin and avidin 
uploading on 1 mg of BMG showed that 84.132±3.954 µg of streptavidin and 
82.932±4.308 µg of avidin were uploaded on 1 mg of BMG separately, and the control 
sample showed no uploading of protein.  The amount of avidin and streptavidin 
immobilized on BMG are actually similar with a difference less than 3% as shown in 
Table 1.  Since avidin is much cheaper, avidin covered BMG particles were used for 
immobilizing the enzymes in the following experiments.   
 

Table 1  Comparing the amounts of streptavidin and avidin loaded on biotinylated microgels 

Samples Streptavidin on BMG-SA 
µg/mL   

Avidin on BMG-A 
µg/mL 

1 80.985 78.028 
2 79.423 91.520 
3 91.989 79.250 
Average 84.132 ± 3.954 82.932 ± 4.308 

 
 
Biotinylation of TPase was achieved by following the procedure described in Chapter 2.  
Previous research found that the presence of substrate L-tryptophan helps retain enzyme 
activity.  After biotinylation, every biotinylated TPase (BTPase) molecule was calculated 
to have 1.86 ±0.12 biotin molecules attached.  The enzyme activity after biotinylation was 
found to be around 70% of actvity before biotinylation.  
 
Biotinylation of PKase done by using either Sulfo-NHS-Biotin orAmine-PEG2-Biotin.  
Sulfo-NHS-Biotin reacts with amine groups on the protein, while Amine-PEG2-Biotin 
reacts with carboxylic groups on the protein.  It is not clear if the active site of pyridoxal 
kinase contains more amine groups or more carboxylic group, hence the two different 
biotin reagents were used to compare the effect of biotinylation.  The results present  in 
Table 2 shows that biotinylation of PKase using Sulfo-NHS-Biotin resulted in 
1.435±0.186  biotin per molecule of PKase and  biotinylation using amine-PEG2-Biotin 
reulted in the presence of 1.184±0.07  biotin per molecule of PKase.  The enzyme activity 
using the two biotinylation approaches was found to be similar: 0.1918±0.0134   mg/mL 
PLP were produced by 50 µg of BPKase biotinylated using Sulfo-NHS-Biotin and 
0.2011±0.0101 mg/mL PLP were produced by 50 µg of BPKase biotinylated by amine-
PEG2-Biotin.  The control sample did not show any biotin attachment.  In the following 
experiments, biotinylation of PKase was done using Sulfo-NHS-Biotin.  
 
As a commonly used ligand in biomolecule linking, biotin-avidin was used to link the 
biotinylated enzymes to microgel surface.  By adding 400 µg BTpase or BPKase to 1 mL 
of ABMG, the amount of enzyme immobilized on the microgel was found to be as shown 
in Table 2.  It has been reported before that microgels can be physically trapped in the 
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porous structure of paper [13], so washing experiments (10 mL of 20 mM potassium 
phosphate buffer for 5 mins) were carried out to compare how much of the enzyme 
activity  was maintained on paper strips with and without using microgels for enzyme 
immobilization.  
 

Table 2  The mass of biotinylated enzyme loaded onto ABMG*  

Sample Protein in 
Supernatant (mg/mL) 

Mass of Immobilized 
Enzyme in 1mL of 
microgel (µg) 

Average Mass of 
Immobilized Enzyme in 1 
mL of microgel (µg) 

BTPase 1 0.1552 244.8 
248.83 ± 12.95 BTPase 2 0.1713 228.7 

BTPase 3 0.1270 273 
BPKase 1 0.2051 194.9 

201.67 ± 10.79 BPKase 2 0.1772 222.8 
BPKase 3 0.2127 187.3 

        * ABMG:  avidin-BMG 
 
To investigate the effect of microgels as supporter for retaining enzyme activity on paper, 
PKase, PKase-MG, TPase and TPase-MG were spotted and dried on paper strips. The 
results are shown in Table3, Table 4 and Figure 3. The TPase-MG on paper retained 
60.18±6.75% of the initial enzyme activity in TPase-MG solution, while Tpase on paper 
only retained 50.95±1.26% of original activity in TPase solution.  The PKase-MG on 
paper retained 73.17±3.53% of the activity, while PKase on paper only remained 61.61% 
± 2.11% of the original enzyme activity.  The reduced enzyme activity could be due to 
drying enzyme on the paper which results in damage of protein structure and interactions 
of the enzyme with the paper surface. Biotinylation of the enzyme usually causes 40% 
loss of enzyme activity as described in the previous chapters. The results show that 
spotting enzyme directly on paper has similar enzyme activity compared to biotinylation 
and immobilization of enzyme on microgel and then paper.  However, microgel particles 
do help remain a higher percent of activity than spotting free enzyme solution on paper.  
Previous research in our group showed that microgel would help keep biomolecules on a 
specific region on paper, and this could be an advantage of using microgels as supporter. 
[13] 
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Figure 3 Monitoring the percentage of the initial enzyme activity that is preserved after spotting it on 
paper, either as a free solution or loaded onto microgel particles and the effect of washing on the 
percentage of initial activity retained. Error bars represent standard error of three samples.  

 

Table 3  Indole generation by TPase or TPase-MG in solution, on paper and after washing. 

Samples TPase 1 2 3 TPase-
MG 1 2 3 

Indole 
generated in 
700 µL 
reaction 
mixture 
(µg/mL) 

Original 
TPase 
solution 

9.4859 8.8131 8.9367 

Original 
TPase-
MG 
solution 

4.0461 5.8256 4.6683 

TPase on 
paper 4.677 4.4183 4.774 

TPase-
MG on 
paper 

2.2116 3.4361 1.7225 

Tpase on 
paper 
after 
washing 

1.0331 1.2217 1.314 

TPase-
MG on 
paper 
After 
washing 

1.1422 1.1924 0.9721 

* TPase-MG:  biotinylated tryptophanase immobilized on BMG by avidin (BTPase-A-BMG) 
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Table 4  PLP produced by Pkase or Pkase-MG in solution, on paper and after washing. 

Samples PKase 1 2 3 PKase-
MG 1 2 3 

PLP 
concentrati
on 
(mM) 

Original 
PKase 
solution 

0.2043 0.2234 0.2506 

Original 
PKase-
MG 
solution 

0.0928 0.0892 0.085 

PKase 
On paper 0.1336 0.1298 0.1537 

PKase-
MG On 
paper 

0.0614 0.069 0.0646 

PKase on 
paper 
after 
washing 

0.0102 0.014 0.0274 

PKase-
MG on 
paper 
after 
washing 

0.0286 0.0178 0.0188 

* PKase-MG:  biotinylated pyridoxal kinase immobilized on BMG by avidin (BPKase-A-BMG) 
 
Similar to the single enzyme activity test, bienzyme or bienzyme-MG were dried on paper 
under room temperature for 1 hour, and then the amount of indole generated by these 
paper strips in reaction mixture containing 0.2 mM of ATP was quantified by colorimetric 
method.  Table 5 and Figure 4 shows: 1) without using microgel as supporter, bienzyme 
can still detect ATP and generate indole signal though the signal is weak that the amount 
of indole generated is only 17.37±1.66% of the amount generated using the bienzyme 
system in solution; 2) with microgel the amount of indole generated by the bienzyme 
system on microgels is 29.32±3.53% of the original activity of bienzyme-MG in solution; 
3) after washing experiment, the bienzyme paper strips only produced less than 5% of 
indole compared to the original bienzyme solution; 4) after washing experiment, 
bienzyme-MG paper strips produced more than 10% of indole compared to the original 
bienzyme-MG solution.  
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Figure 4 Monitoring the percentage of the initial bienzyme activity that is preserved after spotting it 
on paper, either as a free solution or loaded onto microgel particles and the effect of washing on the 
percentage of initial activity retained.  Bars represent the standard error of triplicate samples.  
 
 

Table 5  Indole generation by bienzyme or bienzyme-MG in solution, on paper and after washing at 
the presence of 0.2 mM ATP. 

 Bienzyme 1 2 3 Bienzyme-
MG 1 2 3 

Indole 
generated in 
700 µL 
reaction 
mixture 
(µg/mL) 

Original 
bienzyme 
solution 

8.9673 9.3212 8.6739 

Original 
bienzyme-
MG 
solution 

8.2122 7.9387 8.1377 

Bienzyme 
On paper 1.2693 1.6999 1.7108 

Bienzyme-
MG on 
paper 

2.2109 2.8796 2.0143 

Bienzyme 
on paper 
after 
washing 

0.3478 0.3589 0.5162 

Bienzyme-
MG on 
paper 
After 
washing 

1.0135 0.8763 0.9111 

* bienzyme-MG:  mixture of TPase-MG and PKase-MG 
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5.4 Conclusions  
The major conclusions from this work are: 
 

1. The amount of avidin and streptavidin that was loaded per mg of BMG were 
similar. 

2. Using avidin as a linking agent, 249 µg BTPase and 202 µg BPKase were 
immobilized on per mg of BMG.  

3. Microgels help retain the activity of TPase and PKase on paper after drying at 
room temperature. 

4. Washing experiments showed that enzyme immobilized on microgels sustained 
washing steps and remained on paper, while the enzyme on paper without 
microgels was easily flushed away from the paper. 

5. Loading the bienzyme system on microgels and spotting it on paper, resulted in 
similar indole production in the presence of ATP, after drying and washing on the 
paper.  However, microgels do help retain more amount of enzyme on paper and 
help keep enzyme immobilized in certain area of the paper strips.  

6. This is the first function demonstration of a paper sensor that reports the presence 
of a target by generating a smell.  
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Chapter 6 Concluding Remarks 
 
6.1 Conclusions  
 
The research objectives proposed in Chapter 1 were fulfilled and the major contributions 
of this work are listed as follows: 
 

1. To the best of my knowledge, this is the first time that an enzyme based system 
has been demonstrated for smell-generating biosensing. The enzyme 
tryptophanase (TPase), which catalyzes the formation of indole or methyl 
mercaptan, was used as a reporter molecule. Proof-of-principle was obtained by 
performing an ELISA-like assay where the presence of a specific antibody was 
reported through the generation of a smell.  
 

2. To facilitate general use of TPase as a reporter, the enzyme was biotinylated, so 
that it can be linked to other biotin labeled molecules, using streptavidin or avidin 
as the linker. Minimal loss of activity during biotinylation was observed when the 
coupling reaction was done in the presence of L-tryptophan (the substrate used by 
TPase).  

 
3. Combined use of pyridoxal kinase (PKase) and TPase allow specific detection of 

ATP and reporting its presence through the generation of a smell.  This bienzyme 
system was then optimized to determine the set of experimental conditions that 
provide the lowest detection limits possible for ATP which are 0.1 µM through 
indole production and 1 µM through methyl mercaptan production. 

 
4. The potential of the bi-enzymatic system was further demonstrated by using it to 

detect the presence of a target molecule of DNA (with a specific sequence) and to 
detect the presence of bacteria cells: 
i. A system was designed to capture a target molecule of DNA and reporting 

this capture through utilizing a repeat sequence of ATP aptamers pre-loaded 
with ATP and to use this ATP to trigger the bi-enzyme system to generate 
smell signals.  

ii. E. coli, L. planturum and B. subtilis cells were cultured, harvested and 
washed before adding to the bienzyme system.  Since all living cells contain 
ATP, their presence resulted in the activation of the bienzyme system and a 
strong smell was rapidly produced.  
 

5. The bienzyme system can be used to produce either of two different molecules 
(depending on the substrate used) that have strong and different smells: indole or 
methyl mercaptan.  Indole can also be quantified using a colorimetric method 
through the formation of a reddish color. This means that the bienzyme system is 
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in fact a multi-sensory reporting biosensor. Methyl mercaptan can also be detected 
through the use of a photoionization detector (PID, electronic nose).  The PID can 
give alarm signal if the methyl mercaptan concentration becomes too high, yet 
another way of having multi-sensory reporting.   
 

6. An efficient recipe for biotinylation of PNIPAM-VAA microgels and uploading of 
streptavidin on the microgels was developed. This provides a platform for the 
following immobilization of biomolecules on microgels and application of 
modified microgels in constructing biosensors.  

 
7. The bienzyme system was immobilized in the biotin labeled microgel particles 

and it was found that these particles could be immobilized effectively on paper 
with comparable enzymatic activity retained. This is the first account of the 
creation of printable smell-reporting bio-inks.  
 

 

6.2 Proposed Work 

6.2.1 Achieve lower detection limit for ATP 
In this work, a volume of 700 µL reaction mixture was prepared for tryptophanase or the 
bienzyme reaction.  All the optimized conditions were based on this volume.  If the total 
volume could be reduced to 70 µL, then the detection limit of this system for ATP could 
be lowered.  There is one important step for minimizing the volume that purified 
pyridoxal kinase from recombinant cells needs to be concentrated.  Freeze dry of purified 
pyridoxal kinase was performed once and we found that part of the enzyme activity lost 
during the process.  Thus an effective and efficient method for producing concentrated 
pure pyridoxal kinase needs to be explored to minimize the reaction volume and increase 
sensitivity of the system for ATP.  
 
In Chapter 3, ATP is transformed into ADP in the bienzyme reaction by pyridoxal kinase 
while pyridoxal is transformed into pyridoxal phosphate.  If ADP could be regenerated 
into ATP by a third enzyme, the detection limit for ATP might be much lower.  Pyruvate 
kinase is an important enzyme for regenerating of ATP in vivo.  The reaction catalyzed 
by pyruvate kinase is shown below in Figure 1.  By adding phosphoenol pyruvate and 
pyruvate kinase to the bienzyme system, a tri-enzymatic system is formed and the 
reactions are illustrated in Figure 2.   

 

 
 

Figure 1  Generation of ATP from ADP by pyruvate kinase.  
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Figure 2 Tri-enzymatic system for lower ATP detection limit through regeneration of ATP by the 
third enzyme pyruvate kinase.  

 

6.2.2 Application of bienzyme-immobilized filter paper in bacteria cell 
detections 
In chapter 3, it is demonstrated that bacteria cells, such as E. coli could be detected by the 
bienzyme system in solution.  Commercial available filter paper, Whatman No. 602, has a 
pore size of 5µm which is similar to the size of E. coli cells, so the filter paper may retain 
bacteria cells on the paper.  It is proposed here that bienzyme-immobilized filter paper 
might be used for concentration of bacterial cells from diluted solution for producing 
strong signals and achieving lower detection limit for bacteria cells. 
 

6.2.3 Bienzyme-microgels on paper  
As shown in chapter 5, microgels help retain bienzyme activity on paper and protect 
bienzyme against washing away from the paper surface.  Previous work in our group also 
shown that microgels could be inkjet-printed on paper, so the bienzyme loaded microgels 
could probably be printed on a piece of filter paper in high concentration and in the form 
of some patterns.  In chapter 5, the filter paper shows absorption of TPase or PKase which 
could result in high background interference for subsequent biodetections.  So if some 
efforts could be made to block the paper surface for absorption of enzyme solution by 
using reagents such as milk, bovine serum albumin or some polymer solutions, better 
results may be obtained.   

6.2.4 Modeling of smell generation and distribution around a smell-
generating mouth mask 

 
The final goal for this work might be the construction of a smell-generating mask which 
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can detect certain bacterial cells and viruses and report their presence by generating a 
smell to be quickly sensed by the person who wears the mask. The rate at which the smell 
molecule is generated and how that molecule is distributed are critical factors for 
estimating how easily the smell signal can be detected.  The rate for indole or methyl 
mercaptan generation could be theoretically calculated by using kinetic constants of 
enzyme pyridoxal kinase and tryptophanase which are provided in literatures.  Then a 
model could be set up to predict the production and distribution of the smell chemical in 
and around the mask during inhalation and exhalation.  Furthermore, the time needed for 
the human nose to detect the smell could be predicted, since thresholds of indole and 
methyl mercaptan for human nose are provided.   
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