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ABSTRACT
Current state-of-the-art diagnostic tests are designed to perform well in laboratory
settings, where clean water, continuous electric supply, chemical reagents, highly engineered
equipment, and trained personnel are available. However, these tests cannot be performed in
resource-limited settings, such as in remote areas of the developing world, in hospital emergency
rooms, and at home. Consequently, there is a need for developing new diagnostic tests that can
be performed quickly in these analytically challenging environments. One possible solution to
this problem is to develop thermally stable small molecule reagents that can be used in a variety
of diagnostic tests.
This thesis describes the design and synthesis of several classes of small molecule
reagents that enable selective and sensitive detection of various analytes. We use these reagents
to develop simple diagnostic tests that: (i) enable quantification of enzyme biomarkers using a
commercially available, hand-held electrochemical reader (a glucose meter), and (ii) triage
assays for enzyme biomarkers using the odor generated during the assay. We also describe the
design and synthesis of small molecule reagents that enable signal amplification to enhance the
sensitivity of diagnostic tests. We have developed two classes of amplification reagents that
operate through self-propagating reaction sequences mediated by (i) thiols and (ii) amines.
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CHAPTER 1
Reagents for point-of-care diagnostic assays
1.1 Introduction to diagnostic assays
Diagnostic assays for the detection (and quantification) of trace analytes play a critical
role in healthcare, such as in timely identification of diseases, choosing appropriate
treatment, preventing worsening of symptoms, preventing transmission of diseases, and
ensuring the quality of food, drinking water, and drugs.1-3 For example, diagnosis and
management of diabetes mellitus relies heavily on the quantification of glucose in urine and
blood. Similarly, quantifying various biomarkers in biological samples is crucial for reducing
the burden of various diseases on human health (Table 1-1). These biomarkers can be ions
(e.g., nitrite4), small molecules (e.g., glucose5), proteins (e.g., prostate-specific antigen6),
nucleic acids (e.g., HIV-1 RNA7), and whole cells (e.g., malaria parasite8).
Table 1-1. Summary of select biomarkers that are quantified in various biological samples
for diagnosis of some major diseases worldwide.
Diseases

Estimated
worldwide
deaths in 20089

Ischaemic heart disease

7,254,444

Lower respiratory infections
(Pneumonia, Bronchitis,
Influenza, etc.)

3,463,294

Diarrheal diseases

2,464,425

HIV/AIDS

1,776,270

Tuberculosis

1,341,771

Malaria

826,908

1

Biomarkers for diagnosis
(biological fluid)
Myeleperoxidase (blood), cardiac
troponin T (blood)10
Influenza neuraminidase (nasal aspirate,
sputum)11, microorganism specific
antigen (blood, nasal aspirate, sputum)12
Microorganism specific antigen (stool)13,
β-D-glucuronidase (drinking water)14
HIV DNA (blood), HIV p24 antigen
(blood), HIV-1 RNA (blood)7
INF-γ (blood)15, TB β-lactamase
(sputum)16, TB protease (blood)17
P. falciparum histidine-rich protein-2
(blood)18, plasmodium aldolase
(blood)18, plasmodium lactate
dehydrogenase (blood).19

Concentrations of diagnostic biomarkers in biological fluids are usually small. Detection and
quantification of these biomarkers requires diagnostic assays that are extremely sensitive (i.e.,
ideally only a few copies of the biomarker should be able to generate a measurable signal) and
selective (i.e., the biomarker can be detected in a complex mixture without interference from
other species with similar structure or reactivity).
Selectivity in diagnostic assays is achieved by using a detection reagent (Figure 1-1). The
detection reagent responds selectively to the target biomarker and generates a signaling
molecule. Detection reagents can be natural receptors (e.g., antibodies specific to HIV-1 RNA7),
synthetic receptors (e.g., aptamers that selectively bind cocaine20), enzymes (e.g., glucose
oxidase21 for glucose quantification), or reaction-based detection reagents (e.g., 5-bromo-4chloro-3-indolyl-β-D-galactopyranoside, which selectively reacts with β-galactosidase22).

Figure 1-1. General scheme for a diagnostic assay.
The response of a signaling molecule in a diagnostic assay can sometimes be directly
quantified. However, most sensitive assays require an amplification step to achieve detection of
the target biomarkers. The amplification step can be reaction-based (e.g., enzyme catalysis) or a
downstream physical change that is a direct consequence of the detection event (e.g., aggregation
of nanoparticles leading to a color enhancement due to surface plasmon resonance).23 The most
sensitive techniques currently used for disease diagnosis typically utilize a combination of
amplification processes to achieve the highest sensitivity. This chapter highlights the state of the
art techniques for quantitative detection of disease biomarkers, the challenges in employing these
methods in resource limited settings (such as in a remote village), and some recent attempts to
address these challenges using small molecule reagents.
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1.2 State-of-the-art methods for disease diagnosis
1.2.1

Cell cultures
For decades, cell culture has been the standard method for diagnosing bacterial

diseases. For example, bacterial culture remains the primary method to confirm the
presence of V. cholera in stool samples when a cholera epidemic is suspected.13 The high
sensitivity of this method arises from rapid multiplication of bacterial colonies (the
amplification process) in a nutrient rich medium. Selective identification of bacteria is
usually achieved by observing the response of the cultured medium to anti-serum
(detection reagent) that is selective towards a particular bacterial species.
1.2.2

Enzyme assays
Enzyme assays are perhaps the most widely used methods to quantify critical

metabolites and protein biomarkers in biological samples.24 These diagnostic tests utilize
enzyme-catalyzed chemical transformations of small molecule substrates accompanied by
a measurable physical change. Although a majority of enzyme assays generate a
colorimetric signal, they can be adapted to include a variety of measurement techniques,
including fluorescence25, chemiluminiscence26, phosphorescence27–28, amperometry29,
calorimetry30, radiometry31, and magnetic resonance32-34. The selectivity of enzymatic
assays depends on the substrate-specificity of the enzyme, while the signal amplification
is innate to enzyme-catalyzed transformations due to enzymatic turnover. Enzyme assays
in the context of diagnostic assays can be classified into two categories: (i) enzyme as the
biomarker, and (ii) enzyme as the detection reagent (Table 1-2)
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Table 1-2. Examples of common enzyme assays used in diagnostics
Type

Biomarkers
D-Glucose5

Enzymes as
reagents

Urea24
Creatinine24
Cholesterol24
Alkaline
phosphatase35
Aspartate
aminotransferase36

Enzymes as
biomarkers

Alanine
transaminase37
β-glucuronidase14
β-galactosidase22
Viral
neuraminidase38

Detection reagents
Glucose oxidase +
horseradish peroxidase
(HRP) + chromogenic
mediator
Urease +
glutamate dehydrogenase +
2-oxoglutarate + NADH
Creatininase + creatinase
sarcosine oxidase + HRP +
chromogenic mediator
Cholesterol oxidase + HRP
+ chromogenic mediator
p-Nitrophenylphosphate or
5-bromo-4-chloro-3-indolyl
phosphate

Conditions being tested
Diabetes mellitus,
hyperthyroidism,
Cushing’s syndrome,
liver diseases, shock

α-oxoglutarate + NADH

Liver health, cardiac health

L-alanine + pyruvate
oxidase + horseradish
peroxidase + chromogenic
mediator
Phenolphthalein
glucuronide
5-bromo-4-chloro-3indolyl-β-Dgalactopyranoside
2’-(4-Methylumbelliferyl)α-D-N-acetylneuraminic
acid

4

Kidney health
Kidney health
Coronary health
Liver health, bile duct
obstruction

Liver health
E. coli contamination of
water
Fecal contamination of
water
Influenza (Type A & B)

1.2.3

Enzyme-linked immunosorbent assay (ELISA)
Enzyme assays require substrates that are selectively processed by the enzyme.

However, it is not always possible to find an enzyme-substrate pair to achieve selective
detection of a biomarker in a complex mixture. This limitation is avoided in enzymelinked immunosorbent assays (ELISA).39 Unlike enzyme assays, ELISA (Figure 1-2)
uses three different reagents: a solid-supported antibody (the detection reagent), a labeled
antibody (the linker), and a labeled enzyme (the amplification reagent). The selective
binding of the target by the solid-supported antibody is followed by the coimmobilization of the labeled enzyme through the linker antibody. Signal amplification is
achieved through an enzyme-catalyzed transformation. A similar immunoassay that does
not use the enzyme based amplification, but directly translates the antibody-based
detection into a colorimetric read-out also is used widely.

Figure 1-2. General scheme for a colorimetric ELISA.
1.2.4

Polymerase chain reaction (PCR)
The polymerase chain reaction (PCR) is the gold standard method for

quantification of nucleic acid targets.40 Compared to enzyme-based assays (including
ELISA), PCR achieves higher sensitivities through target amplification (rather than
signal amplification as seen in enzyme assays). Using a sequence of temperature
controlled reactions (Figure 1-3a), PCR achieves doubling of the DNA target for every
5

reaction cycle. Multiple cycles of the reaction sequence results in exponential rise in the
concentration of the target in the reaction mixture. The concentration of the target is
usually followed in real time (quantitative PCR) using fluorescently labeled DNA probes
that selectively hybridize with the target.
Real-time quantitative PCR can only quantify nucleic acid targets. This limitation
can be solved using a variant of PCR called immuno-PCR.41 In immuno-PCR the
detection of non-nucleic acid targets (like proteins) is achieved using antibodies (Figure
1-3b). The detection event is followed by the co-immobilization of a DNA-labeled
antibody. The immobilized DNA is then amplified using PCR and quantified using
fluorescent probes.

Figure 1-3. General scheme showing the steps of (a) PCR and (b) Immuno-PCR
6

1.2.5

Bio-barcode assay
The bio-barcode assay is an alternative to immuno-PCR.42-43 It uses DNA

functionalized gold nanoparticles (AuNP) to achieve both target and signal amplification.
Similar to immuno-PCR, the bio-barcode assay uses antibodies to capture and
concentrate the target (Figure 1-4). Using DNA functionalized AuNPs, a single captured
target undergoes signal transduction to produce multiple copies of the barcode DNA
(target amplification). The released barcode DNA and a second DNA functionalized
AuNP are then co-immobilized on a solid substrate. The immobilized AuNP is used as a
catalyst for reduction of Ag(I) salt to precipitate Ag(0). The precipitated Ag(0) can be
quantified by measuring the reflectance of the reaction spot on the substrate. The multiple
amplification steps of the bio-barcode technique allows for detection of atto molar levels
of the target.42

Figure 1-4. General scheme showing the steps of the bio-barcode assay for detection
of proteins.43
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1.3 Challenges for performing state of the art diagnostic tests in resource limited
environment.
The state of the art methods for diagnostic tests have been implemented in hospitals
throughout the developed world. In fact, modern hospitals now have automated systems that can
run several tests on a sample of blood and store the test results in electronic format.1,44 However,
these tests cannot routinely be done in resource limited environments (such as rural areas of the
developing world).1,3 The limitations of these diagnostic tests that prevent their widespread use
are:
1. Require well-equipped laboratory: These tests usually require expensive equipment for
running the test and analyzing the test results. For example, PCR assays require a thermal
cycler and a spectrophotometer to follow the reaction in real-time. Moreover, these
assays routinely require access to clean water, reliable electricity, and efficient waste
disposal systems. This limits their use to well funded health-care facilities with wellequipped laboratories, such as large hospitals.
2. Require trained technicians to run the tests: These diagnostic tests usually involve
several steps that need to be carried out in a controlled environment by trained
technicians. For example, the immuno-PCR and the bio-barcode assays require several
time-sensitive steps to be performed sequentially to achieve the highest levels of
sensitivity.
3. Require refrigeration for reagent storage: The majority of reagents used in these tests
require refrigeration for long term storage stability. The performance of some detection
reagents can drop significantly if they experience large temperature fluctuations during
transportation and storage. For example, the recommended storage temperature for
labeled antibody specific to INF-γ for TB diagnostic test is 2–8 °C.45 The performance of
improperly stored antibodies can sometimes be too variable to run accurate quantitative
diagnostic assays.
Table 1-3 summarizes the key requirements of running diagnostic tests for several major
communicable diseases.
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Table 1-3. Summary of key requirements for performing select diagnostic tests for several
major communicable diseases.
Molecular diagnostic
Diseases
Reagents required
Equipment required
tests
Oligonucleotide primers,
Refrigerator,
PCR and reverse
probe nucleotide, enzymes thermocycler,
11
Influenza
transcriptase PCR
(polymerase, reverse
spectrometer,
transcriptase)
centrifuge
Capture antibody,
Refrigerator,
Immunoassay
labeled antibody
spectrometer
Refrigeratora,
®
a
Neuraminidase assay
NA-Star substrate
chemiluminiscent
reader
Refrigerator, UV-Vis
Capture antibody,
Malaria46
Immunoassayb
spectrophotometer or
labeled antibody
fluorometer
Tuberculin skin test
Purified protein from M.
15
Tuberculosis
Refrigerator
(TST)c
tuberculosis
ELISA
Purified protein from M.
Refrigerator, UV-Vis
(QuantiFERON®
tuberculosis, capture
spectrophotometer or
Gold-TB test and Tantibody, enzyme labeled
fluorometer
SPOT®-TB test)
antibody
Oligonucleotide primers,
Refrigerator,
HIV/AIDS7
PCR
probe nucleotide, enzymes thermocycler, UV-Vis
(polymerase)
spectrometer
Refrigerator, UV-Vis
Capture antibody, labeled
Immunoassayd
spectrophotometer or
antibody
fluorometer
Diarrheal
diseases13
Infectious waste
Bacterial culture
Culture medium, proteins
(Cholera, E. coli,
disposal
Botulism, etc.)
Capture antibody, labeled
Immunoassay
Refrigerator
antibody
a.
b.
c.
d.

NA-Star Substrate is a small molecule neuraminidase substrate that generates a chemiluminiscent product
in presence of viral neuraminidase; this reagent can be stored at room temperatures (20 °C) for a short
period of time.38
Microscopic detection of the parasite is the most reliable method for diagnosing malaria.
The commonly used tuberculin skin testing (TST) can give false positive or false negative results in some
individuals.
Simple diagnostic tests for HIV specific antigen exist. These tests are robust but are not sufficiently
sensitive for early detection of infection.
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1.4 Point-of-care tests for disease diagnosis
Point-of-care tests (POCT) refer to diagnostic tests that can be performed near the patient,
such as at home, patient’s bedside, a physician’s clinic, or by first-responders at an accident site.
The importance of POCT becomes more apparent in remote areas of the world where diagnostic
tests must be performed in areas far away from a hospital setting. The World Health
Organization (WHO) has outlined the ASSURED criteria that should be met by an ideal POCT
(Table 1-4).3 These recommendations aim to make diagnostic test more accessible for use in the
most resource limited areas of the world.
Healthcare centers in remote areas of the
world usually do not have the resources or the
trained laboratory technicians to run molecular
diagnostics tests. Disease diagnosis in such areas is
usually based upon symptoms and local prevalence
of the disease. This situation can sometimes lead to
over-diagnosis

and

unnecessary

treatment.1,3

Table 1-4. The ASSURED criteria.
WHO criteria for ideal POCT
Affordable by those at risk
A
Sensitive
S
Selective
S
User-friendly
U
Rapid and Robust
R
Equipment free
E
Deliverable to those at risk
D

Therefore, an ideal POCT should be inexpensive, user-friendly, and require minimal user input,
so as to allow for improved accuracy in disease diagnosis. Ideally, these tests should be very
sensitive and selective, so that there are minimal false negative or false positive test results.
These tests also should be robust and avoid using thermally sensitive reagents. This criterion is
particularly important for these tests to be deliverable to patients in remote areas of tropical
countries, where temperatures frequently exceed 40 °C.1
The most commonly performed POCT is urinalysis using urine test strips.47 These test strips
provide semi-quantitative measurements of several metabolites and proteins in urine that can
assist a physician in diagnosing diabetes, renal and urinary tract diseases, and liver diseases.
Apart from urine test strips, electrochemical assays for blood glucose (using a glucose meter)
and lateral-flow immunoassays are also available (Table 1-5). Most of the lateral-flow
immunoassays are qualitative tests and are usually not sensitive enough for early detection of
disease biomarkers; hence, there is a need for developing new assay strategies that meet the
ASSURED criteria.
10

Table 1-5. Examples of POCT that are commercially available
Test
Blood glucose
test29
Home pregnancy
test48
HIV home test7
Malaria rapid
diagnostic tests46
Influenza (A and B
subtypes) test11
Drug abuse test49

Detection reagents used
Glucose oxidase, Fe(CN)63(coupled redox reaction)
hCG capture antibody, control antibody,
AuNP-antibody conjugate
(lateral flow immunoassay)
anti-HIV antibody capture antibody, control
antibody, AuNP-antibody conjugate
(lateral flow immunoassay)
P. falciparum lactate dehydrogenase capture
antibody, control antibody, AuNP-antibody
conjugate
(lateral flow immunoassay)
Influenza antigen capture antibody, control
antibody, AuNP-antibody conjugate
(lateral flow immunoassay)
Drug metabolite capture antibody, enzymemetabolite conjugate, control antibody,
Au NP-antibody conjugate
(enzyme multiplied lateral flow immunoassay)

Notes
Widely used
Widely used
Not sensitive enough
for early detection
Qualitative test,
variability in test
performance
Poor sensitivity,
requires confirmation
by other methods
Poor sensitivity and
selectivity, requires
confirmation by other
methods

1.5 Use of small molecule reagents in point-of-care disease diagnostics
Many of the currently used POCT require thermally sensitive reagents like antibodies and
enzymes. These biomolecular detection reagents can irreversibly denature and lose their function
if they experience elevated temperatures during transportation and storage. Consequently, these
test frequently do not meet the standards of the ASSURED criteria. A possible solution is to
develop small molecule, stimuli-responsive reagents for use in POCT. Small molecule reagents
are more stable than antibodies and enzymes and can potentially address several other limitations
of the currently used assay strategies. Thus, there is a need for developing thermally stable
reagents that: (a) selectively detect biomarkers for disease, and (b) amplify signal to enhance the
sensitivity of the detection assay. Only a few small molecule reagents have been used in the
context of POCT; select examples are described below.
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The ZstatFlu test for influenza diagnosis50,51: Influenza A and B viruses require the enzyme
neuraminidase to detach from the host cell and infect new cells.52 As the infection progresses,
viral particles (along with the neuraminidase enzyme) are shed in the upper respiratory tract of
the infected host. The neuraminidase enzyme activity in respiratory mucus is a useful biomarker
for influenza. The ZstatFlu is a chemiluminescence based enzyme assay that uses a small
molecule substrate to measure viral neuraminidase activity in mucus collected by a nasal swab.
Scheme 1-1. Reaction scheme describing the ZstatFlu test for influenza diagnosis

The detection reagent (1-1) used in the ZstatFlu test is a derivative of N-acetyl neuraminic
acid with a pendant 1,2-dioxetane moiety. In the presence of viral neuraminidase, the glycosidic
bond of the N-acetyl neuraminic acid derivative is cleaved. The pH of the resulting solution is
then raised to a value (~ 9.0) that is optimal for chemiluminescence measurements. The
intermediate phenoxide undergoes thermolysis to form carbonyl compounds in their excited
state. The excited species then relax to their respective ground states, resulting in the release of
photons.53,54 In the ZstatFlu test, the chemiluminscent light produced is captured on a Polaroid
12

photographic film. A semi-quantitative measure of viral neuraminidase activity can then be
obtained by reading the photographic plate using a portable imaging device. A quantitative
measure of enzyme activity can also be obtained using a luminometer in a laboratory setting.
The ZstatFlu test is extremely sensitive (it can detect pM levels of viral neuraminidase),
selective (it is not affected by other upper respiratory infectious agents like adenoviruses,
streptococcus, staphylococcus, etc.), and rapid (a 15-minute assay time is sufficient to confirm
the presence of viral neuraminidase in nasal aspirate of influenza patients).
β-Lactamase assay for tuberculosis diagnosis: Mycobacterium tuberculosis (MycTB), the
causative agent of TB, releases a β-lactamase enzyme to protect itself from β-lactam antibiotics.
Consequently, there are many colorimetric and fluorescence probes to image MycTB and other
β-lactamase releasing bacteria.55–57 Until recently, there were no probes specific for β-lactamase
from MycTB (BlaC). Rao and coworkers screened several synthetic cephalosporin substrates and
found compound 1-2 to be selective towards BlaC (over similar β-lactamases).58 In the presence
of BlaC, 1-2 undergoes a series of hydrolytic elimination reactions to release a fluorescent
reporter (Scheme 1-2). The fluorescent product was quantified using a portable device containing
a UV-LED and a camera phone. The assay for MycTB using 1-2 was sensitive (about 100 bacilli
of MycTB in human sputum could be detected) and selective (the assay could quantify MycTB
over other species like P. aeruginosa, S. Aureus, M. smegmatis, MRSA, and E. Coli).
Scheme 1-2. Reaction scheme describing a β-lactamase fluorescence assay for tuberculosis
diagnosis.
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Liver function tests using a paper based microfluidic device: Liver function tests (assays for
alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine transamianase (ALT),
total protein, etc.) are a class of enzyme assays that are crucial to evaluate liver function in atrisk individuals, such as patients with hepatitis B and C, alcohol liver diseases, bile-duct
obstruction, and patients being treated for HIV-AIDS and TB.59 Currently, the liver function tests
are limited to laboratory settings in hospitals, which make them unsuitable for use at the POC.
Whitesides and coworkers have developed a paper-based microfluidic device that can run
multiplexed enzyme assays to quantify ALP, AST, ALT, and other proteins in blood.60 These
assays use thermally-stable small molecule reagents stored within the device. Scheme 1-3 depicts
one of the chemical transformations used to assay ALP in blood obtained from a finger prick.
Briefly, ALP catalyzes the hydrolysis of the phosphate group on a 3-indolyl phosphate substrate
(1-3). The hydroxy indole reaction product is oxidized in presence of tetrazolium blue T dye (14) to produce bright blue products. These reactions take place in hydrophilic channels of the
microfluidic device. The blue color generated from the reaction can then be compared with a
color chart to obtain a semi-quantitative measurement of the levels of enzyme present in the
blood sample. The assay time for the quantification of clinically relevant levels of ALP in blood
(30 – 120 UL-1) was 20 minutes.
Scheme 1-3. Reaction scheme depicting the chemistry used in a colorimetric ALP assay for
liver function testing.
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1.6 Conclusions
This chapter has outlined several diagnostic tests that achieve impressive levels of
sensitivity under ideal conditions. These tests, however, have not been used widely in pointof-care (POC) settings. Limitations that need to be addressed include the dependence on
thermally sensitive reagents and complexity of running these tests. The use of small molecule
reagents provides a useful alternative to the current state-of-the art diagnostic tests. There are
a few simple diagnostic tests that use small molecule reagents, but there remains a need for
new reagents that can achieve sensitive and selective detection of disease biomarkers through
tests that are simple to perform.
This thesis describes the design and synthesis of several classes of small molecule
reagents that enable quantitative detection of enzyme biomarkers. We have used these
reagents to develop assay strategies that will allow us to run diagnostic tests both at POC and
in laboratory settings. We also describe the design and synthesis of reagents that enable
signal amplification in diagnostic assays. Signal amplification strategies will allow us to
enhance the sensitivity of diagnostic assays.
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CHAPTER 2
Development of reagents for quantifying active enzymes using a personal glucose meter
2.1 Introduction
Diagnostic assays for the quantification of active enzyme biomarkers permit early disease
diagnosis and facilitate the choice of therapeutic intervention.1-2 Diagnostic assays that can be
performed at the point-of-care are of great importance, particularly in a variety of resource
limited environments that lack laboratory infrastructure (such as remote villages in the
developing world). Many point-of-care (POC) diagnostic assays use colorimetric output to signal
the presence of the target biomarkers. The colorimetric output in an assay can be quantified using
specialized readers that measure the changes in absorbance3, transmittance4, or reflectance5 of
the assay solution. Recently, camera phones have become a popular alternative to specialized
readers for measuring the colorimetric signal due to their ubiquity.6-8 Despite the simplicity of
analyzing these assays, colorimetric diagnostic assays suffer from interference from background
color of the sample and particulate matter present in complex samples (such as blood).
Additionally, the performance of colorimetric assays that use camera phones are affected by
variations in lighting conditions, focus, and differences in the brand of camera phone used.
Electrochemical detection of biomarkers is an alternative to colorimetric diagnostic
assays.9 Enzyme coupled electrochemical transformations10 and biomarker triggered changes in
electrochemical donor-acceptor distance11 have been exploited for detection of various
biomarkers in laboratory settings. The most successful electrochemical assay used in the context
of POC testing is the quantification of blood glucose using a hand-held glucose meter. The low
cost and ease of use makes the glucose meter an ideal platform to develop POC assays. Although
commercially available glucose meters are designed to measure blood glucose levels, recent
work has shown that they can be used to quantify other analytes using carefully designed
detection reagents.12-23
In one example, Lu and coworkers have developed DNA aptamer-based detection
reagents were used to quantify a few different analytes using a glucose meter.14 The detection
reagent consisted of invertase enzyme immobilized on a solid support using a DNA-based
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aptamer as a linker. If the target is present in the sample, it binds to the aptamer, leading to the
release of invertase into the solution. The free invertase enzyme catalyzes the hydrolysis of
sucrose present in the assay mixture to generate glucose, which is then quantified using a glucose
meter. Using this strategy, the authors detected μM levels of targets like cocaine, adenosine,
uranium ions and nM levels of interferon-γ. Several variations of this strategy have also been
developed using other biomolecular linkers, such as DNA15-16, antibodies17-19, and DNAfunctionalized nanoparticles20-22.
An interesting alternative to using solid supported aptamer-based detection reagents was
developed by Yang and coworkers.23 They used a DNA-based aptamer as a crosslinker in a
hydrogel material. The binding of the target to the aptamer resulted in the dissolution of the
hydrogel and simultaneous release of the enzyme amylase, which was trapped in the hydrogel.
Amylase then catalyzed the hydrolysis of amylose (a polymer of glucose) present in the assay
mixture to generate several equivalents of glucose into the solution, which could be measured
using the glucose meter.
Detection reagents using aptamers and antibodies can sensitively detect several targets
under laboratory conditions. However, these assays are not suitable for use in resource-limited
POC environments because of the complexity of the assay procedures and the dependence on
thermally unstable reagents. An alternative to using aptamers and antibodies in diagnostic assays
is to develop activity-based small molecule reagents that release glucose in the presence of
enzyme biomarkers.12 Compared to protein and nucleic acid-based detection reagents, small
molecule reagents have superior thermal stability and are easier to modify to target several
classes of analytes. We describe here the design and synthesis of small molecule reagents that
release glucose in the presence of several classes of enzyme biomarkers. We also describe a
single step assay for quantifying the enzyme biomarkers using a hand-held glucose meter.
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2.2 Experimental design
2.2.1 A single step assay to quantify enzyme biomarkers using a glucose meter
Our goal was to design a simple, single-step assay to quantify several enzyme biomarkers
using a glucose meter (Figure 1). To achieve this goal, we developed several small molecule
reagents that released glucose when the target enzyme analyte was present in the assay mixture.
We designed the assay to have as few steps as possible. The user only has to deposit the test
sample (e.g., a sample of blood) in a disposable reaction tube pre-loaded with the detection
reagent, wait for a fixed amount of time, and then measure the released glucose using a glucose
meter. The simplicity of the assay procedure and the use of thermally-stable reagents are
particularly important when the assay needs to be conducted in environments that lack trained
personnel, access to laboratory infrastructure, and refrigeration.

Figure 2-1. A one-step assay strategy to quantify active enzymes using small
molecule activity-based detection reagents and a glucose meter.12
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2.2.2 Design of reagents that release glucose in the presence of enzyme analytes
The selectivity of the single-step assay in Figure 1 originates from specific functionalities
on the detection reagents that trigger the release of glucose in the presence of the specific target
enzyme (Figure 2). The detection reagents are designed in such a way that the triggering
functionality (blue in Figure 2) can be switched to target several enzymes. The four controlled
released reagents depicted in Figure 2 respond to four enzymes that belong to four general
classes of enzymes: glycosidases, esterases, phosphatases and proteases.

Figure 2-2. Activity-based detection reagents designed to release glucose for use in assays
to quantify four different active enzymes using a glucose meter. The four enzyme targets
belong to four classes of enzymes: glycosidases (2-1), esterases (2-2), phosphatases (2-3),
and proteases (2-4).
Since different classes of enzymes require different strategies to release glucose, we have
demonstrated three general strategies of controlled release of glucose. The glucose may be
generated through:
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(i) Cleavage of glycosidic bonds. Detection reagent 2-1 responds to β-galactosidase (a general
biomarker of fecal contamination in drinking water24). β-galactosidase catalyzes the hydrolysis
of the glycosidic bond in 2-1 to generate an equivalent of glucose. Other enzyme biomarkers that
can be targeted using glycosidic substrates include β-glucuronidase (a general biomarker for E.
coli contamination in food25), viral neuraminidase (a biomarker for influenza viral infection in
respiratory tract mucus26), and α-N-acetylgalactosaminidase (a biomarker for skin cancer in
blood serum27-28).
(ii) Hydrolysis of esters of glucose. Detection reagent 2-2 (a butyric acid ester of glucose) and 23 (a phosphoric acid ester of glucose) target the enzymes esterase (a biomarker for Salmonella
contamination in food29) and alkaline phosphatase (a biomarker for liver health and bile duct
obstruction30 and a general indicator for the effectiveness of pasteurization in the dairy
industry31), respectively. These enzymes catalyze ester hydrolysis reactions of their respective
detection reagents.
(iii) Controlled release of glucose through a 1,4-elimination-based linker. Detection reagent 2-4
is designed to respond to penicillin-G-amidase (a model protease that catalyzes the hydrolysis of
phenacetyl amides32) to release glucose through a 1,4-azaquinone methide elimination. A linker
is necessary for targeting proteases to ensure that the cleavage of an amide bond is translated into
the rapid release of glucose. The phenacetyl functionality in 2-4 can be replaced with short
peptides to target several other biomarkers (e.g., cysteine proteases from P. falciprum33, serine
proteases form cancerous cells34, and other proteases35-36 specific to several species of bacteria.)

2.3 Results and discussion
2.3.1 Synthesis of detection reagents
Detection reagent 2-2 was obtained through an enzyme catalyzed transesterification
reaction in organic solvent (Scheme 2-1). Detection reagents 2-1 and 2-3 are commercially
available and were used as obtained. The detection reagent for penicillin-G-amidase (2-4) was
synthesized using a convergent synthesis from commercially available starting materials
(Scheme 2-2). Briefly, the partially protected glucose intermediate 2-7 was prepared in two steps
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from 6-O-trityl-D-glucose (2-5). The amide half of the detection reagent (2-9) was prepared in a
single step from 4-aminobenzyl alcohol (2-8) and phenacetyl chloride. Phenacetyl chloride can
be replaced with a C-terminus activated peptide to target other proteases. Amide intermediate 2-9
and the protected glucose intermediate 2-7 were coupled using a carbonate linkage. We chose a
carbonate linker because of the ease of synthesis. Other linkers like aminals37 and acetals38 can
also be used.
Scheme 2-1. Synthesis of esterase detection reagent 2-2.

Scheme 2-2. Synthesis of protease detection reagent 2-4.

29

2.3.2 First generation enzyme assay
With the enzyme detection reagents in hand, we evaluated the performance of these
reagents in the single-step assay described in Figure 1. Exposure of 2-1 to various quantities of
β-galactosidase in buffered water gave us a reproducible dose-response curve (Figure 2-3),
which can be used as a calibration curve for quantifying β-galactosidase (a biomarker for
bacterial contamination in water). Similar calibration curves were obtained for esterase (Figure
2-4), alkaline phosphatase (Figure 2-5), and penicillin-G-amidase (Figure 2-6) using their
respective detection reagents.
The sensitivity of the first generation assay procedure is similar to that of colorimetric
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assays. The current assay strategy is advantageous over quantitative colorimetric assays as the
color of the sample does not affect the quantitative signal obtained using a glucose meter. For
example, alkaline phosphatase is present in blood at concentrations between 30–120 U L-1,
whereas a concentration above 120 U L-1 indicates impaired liver function.30 The current assay is
sufficiently sensitive to differentiate normal (30–120 U L-1) and elevated levels of alkaline
phosphatase in blood using a glucose meter. Moreover, quantification of alkaline phosphatase is
expected to be unaffected by the color of the sample as a glucose meter is engineered to work
well with blood.

30

Figure 2-3. Calibration curve for the detection of β-galactosidase using 2-1. The assay
solution was in 10 mM phosphate buffer (pH 7.4) and the assay time was 2 h. The data points
are the average of three measurements and the error bars reflect the standard deviations from
these averages.12

Figure 2-4. Calibration curve for the detection of esterase using 2-2. The assay solution was
in 75 mM phosphate buffer (pH 8.0 with 0.42% (v/v) Triton X-100). The assay time was 1 h
at 40 °C. The data points are the average of three measurements and the error bars reflect the
standard deviations from these averages.12
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Figure 2-5. Calibration curve for the detection of alkaline phosphatase using 2-3. The assay
solution was in 0.1 M diethanolamine buffer (pH 7.4 with 0.5 mM MgCl2). The assay time
was 1 h at 37 °C. The data points are the average of three measurements and the error bars
reflect the standard deviations from these averages.12

Figure 2-6. Calibration curve for the detection of penicillin-G-amidase (PGA) using 2-4. The
assay solution was in 0.1 M phosphate buffer (pH 7.5) and the assay time was 1 h at 20 °C.
The data points are the average of three measurements and the error bars reflect the standard
deviations from these averages.12
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2.3.3 Second generation assay strategy
The first generation assay allowed us to quantify several enzymes in simple, one-step
assays within an hour. We reasoned that a shorter assay time would be more useful in the context
of enzyme quantification at point-of-care. Assays using nucleic acids and antibodies can
potentially enhance the amount of glucose generated, and thereby reduce assay time.14-22
However, these types of assays usually require multiple sample handling steps and use thermally
sensitive reagents. We sought a simpler solution to reduce the assay time without introducing
multiple assay steps. Since the commercially available glucose meter is designed to measure
blood glucose concentrations above 20 mg dL-1 (~ 1 mM), we included a small amount of Dglucose along with the detection reagent in the pre-loaded assay tube. The amount of glucose
included was sufficient to provide a low-level reading on the glucose meter. The enzyme target
in the sample would then elevate the level of glucose (as it processes the detection reagents)
within the quantification window of the glucose meter. Consequently, the lag time during which
the enzyme generates enough glucose to obtain a glucose meter reading is eliminated.
The inclusion of glucose resulted in assay times that were 2–12 times shorter than the
first generation assays. Figures 2-7, 2-8, and 2-9 show the calibration curves for the
quantification of three of the enzyme targets. The second generation assays were more sensitive
than the first generation assays with considerably shorter assay durations. The limits-of-detection
(LOD) for the quantification of β-galactosidase, alkaline phosphatase, and penicillin-G-amidase
were 4 U mL-1 (~ 38 nM) (15 min assay time), 1.5 U L-1 (~ 1.3 nM) (5 min assay time), and 0.01
U mL-1 (30 min assay) respectively. The dynamic range of the second generation assay was
noteworthy. For example, we could quantify alkaline phosphatase levels between 1.5 U L-1 to
160 U L-1 (1.3 nM to 140 nM), which is within the clinically-relevant window for the enzyme
analyte. The sensitivity of these assays can be further improved with longer assay times.
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Figure 2-7. Calibration curve for the detection of β-galactosidase using 2-1. The assay
included 0.3 mg/mL glucose prior to the start of the assay. The assay solution was in 10 mM
phosphate buffer (pH 7.4) and the assay time was 15 min at 20 °C. The data points are the
average of three measurements and the error bars reflect the standard deviations from these
averages.12

Figure 2-8. Calibration curve for the detection of alkaline phosphatase using 2-3. The assay
included 0.3 mg/mL glucose prior to the start of the assay. The assay solution was in 0.1 M
HEPES buffer (pH 8.0) and the assay time was 5 min at 37 °C. The data points are the
average of three measurements and the error bars reflect the standard deviations from these
averages.12
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Figure 2-9. Calibration curve for the detection of penicillin-G-amidase (PGA) using 2-4. The
assay included 0.3 mg/mL glucose prior to the start of the assay. The assay solution was in 0.1
M phosphate buffer (pH 7.5 with 0.5% (v/v) Tween 20). The assay time was 30 min at 20 °C.
The data points are the average of three measurements and the error bars reflect the standard
deviations from these averages.12

2.3.4 Quantification of alkaline phosphatase in blood serum
The single-step assay for quantifying active enzymes described here is designed to
perform effectively in complex fluids (such as blood). Since a glucose meter is commonly used
to quantify glucose in blood, we reasoned that an assay for the quantification of alkaline
phosphatase in blood using a glucose meter will remain unaffected by the color of the sample or
the presence of other proteins present in the blood. To evaluate the performance of an assay for
alkaline phosphatase in a complex fluid, we performed a 5 min assay for various concentrations
of alkaline phosphatase in blood serum. We could quantify alkaline phosphatase in blood serum
with a dynamic range of 2 U L-1 to 160 U L-1 (2 nM to 140 nM), with a limit of detection of 2 U
L-1 (2 nM) (Figure 2-10). The range and sensitivity of the assay in blood serum was nearly
identical to those obtained using buffered water as the solvent.

35

Figure 2-10. Calibration curve for the detection of alkaline phosphatase in blood serum using
2-3. The meter reading values on the y-axis here refer to the difference between the glucose
concentration in the assay mixture and the glucose concentration in a negative control. The
assay solution was in 0.1 M HEPES buffer (pH 8.0) and the assay time was 5 min at 37 °C.
The data points are the average of three measurements and the error bars reflect the standard
deviations from these averages. 12
We then spiked the serum samples with varying quantities of glucose (in addition to the
glucose already present in the serum) to simulate real world blood serum samples that usually
contain varying levels of glucose. The quantity of alkaline phosphatase (20 U L-1) was quantified
in these serum samples by conducting two assays, one without the presence of the detection
reagent (2-3) and one with the presence of the detection reagent. The difference in glucose
measurements obtained from these two assays was used to determine the concentration of the
enzyme in the sample (Table 2-1). The results of these experiments demonstrate that the assay
can be used for the quantification of alkaline phosphatase in blood serum samples.
Table 2-1. Determination of the concentration of alkaline phosphatase in various serum samples.
Serum samplea
1
2
3
a.
b.

Meter reading / (mg dL-1)
Calculatedb
Control
Test sample [Alkaline phosphatase] / (U L-1)
142±2
242±12
22±3
351±2
439±5
19±1
270±8
351±3
18±1

The serum samples contained various quantities of glucose and 20 U L-1 of alkaline phosphatase.
The concentration of the enzyme was obtained using the calibration curve in Figure 2-10 (inset).
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2.3.5 Evaluation of the stability of the detection reagent 2-4
Since the single step assays for quantification of enzymes using a glucose meter must
perform under real world conditions, we wanted to demonstrate the stability of one of the
detection reagents. We chose to demonstrate the stability of 2-4, which we expected to be the
least stable of the detection reagents used in these studies because of the carbonate linkage
(carbonates can be susceptible to hydrolysis under basic conditions38).
Reagent 2-4 responds rapidly to the enzyme PGA. To establish a reaction timeline for
this enzymatic reaction, we treated 2-4 (20 mM in 0.1 M phosphate buffer, pH 7.5, 1% (v/v)
Tween 20) with catalytic amount of PGA (0.5 U mL-1) and followed the enzymatic
transformation using LC-MS. We observed rapid consumption of 2-4 (Figure 2-11) and the
generation of glucose (as measured using a glucose meter). In the absence of the enzyme, we
observed about 2% decomposition of the substrate after 1 hour (Figure 2-12) and only 7.5%
decomposition after 5 hours, the latter being 10 times longer than the duration of the second
generation of assay.

Figure 2-11. Time-dependent LC-MS analysis of the reaction of 2-4 with penicillin-Gamidase (PGA) (0.5 U mL-1) in 0.1 M phosphate buffer (pH 7.5, 0.5% (v/v) Tween 20, 20
°C). The absorbance value (A) was recorded at 254 nm. The peaks appearing between 10 and
15 min (t) after exposure to PGA most likely are byproducts of quinone methide that is
generated during the elimination reaction.12
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Figure 2-12. Time-dependent LC-MS analysis of the stability of 2-4 in 0.1 M phosphate
buffer (pH 7.5, 0.5% (v/v) Tween 20, 20 °C). The absorbance value (A) was recorded at 254
nm. The peak for dimedone (internal standard) at 1.1 min (t) was used to determine the %
decomposition.12

Since the detection reagents will be stored and transported as a dry powder before its use
in an assay, we subjected 2-4 to extreme conditions (stored at 40 °C open to air). We observed no
detectable decomposition in 24 hours and only 6% decomposition after a period of 7 days at 40
°C open to air (Figure 2-13). We also evaluated the effect of the small amount of decomposition
on the performance of the enzyme quantification assay. We assayed a sample containing PGA
(0.06 U mL-1) using freshly prepared 2-4 and the sample of 2-4 that was held at 40 °C open to air
for 7 days. We did not observe a measurable change in the assay result (Table 2-2). Since the
accuracy of the glucose meter is about ±20%, a decomposition of about 6% in 2-4 does not
significantly affect the outcome of the assay.
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Figure 2-13. Study of the thermal stability of detection reagent 2-4. Samples of 2-4 were held
at 40 °C open to air for 7 days. At intervals, the samples were dissolved in 10 mM phosphate
buffer (pH 7.5, 0.5% (v/v) Tween 20, 20 °C) and analyzed by LC-MS. The absorbance value
(A) was recorded at 254 nm and dimedone (t = 0.8 min) was used as an internal standard to
calculate peak areas. 12

Table 2-2. The effect of the decomposition of 2-4 on the results of the assay for PGA
Sample of 2-4 used
Freshly prepared

Calculateda
[PGA] / (U mL ) Meter reading / (mg dL )
[PGA] / (U mL-1)
-1

-1

0.06

171±5

0.07±0.01

Sample held at 40 °C
0.06
153±2
0.05±0.00
for 7 days
a. The second generation assay was used to determine the concentration of PGA.
The linear region of the calibration curve in Figure 2-9 (inset) was used for calculations.
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2.3

Conclusions
In conclusion, we describe here a simple, rapid, one-step assay strategy to quantify active

enzymes using a glucose meter. The assays use small molecule, activity-based detection reagents
that generate glucose in the presence of the target enzymes. The assays only measure the
concentration of the active enzymes in the samples rather than the total amount of enzyme
antigen present in the sample. This ability to distinguish active enzymes from inactive
(denatured) enzymes can prove to be useful in the context of liver function tests and quantifying
enzymes associated with presence of live pathogens. Since the assay strategy only uses a handheld glucose meter and thermally stable, small molecule reagents, it is amenable for use in pointof-care settings that lack laboratory infrastructure or refrigeration. The availability of cell phone
based personal glucose meter makes the assay strategy a powerful alternative to colorimetric
assays.40
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Chapter 3
Reagents that enable rapid triaging of enzyme assays using smell as an output
3.1 Introduction
Rapid and sensitive assays for the detection of disease biomarkers and environmental
pollutants are necessary to reduce the burden of disease and pollution on human health. Although
currently available diagnostic assays can achieve remarkable sensitivities, these assays usually
require laboratory infrastructure and are time-consuming to perform.1-2 Quantitative assays for
disease biomarkers are usually more time intensive and expensive to perform compared to
qualitative assays that provide a simple yes or no answer if the analyte being assayed is present
or absent in the sample. For example, a quantitative ELISA to determine PSA (a protein
biomarker for prostate cancer3) concentrations in blood serum involves several assay steps and
usually takes a few hours to perform. In contrast, it takes only a few minutes to perform a
qualitative, lateral-flow assay to detect the presence of the hormone biomarker hCG in urine
(home-pregnancy test).4 The difficulty in performing quantitative assays in resource-limited
settings can be even more significant if a large number of samples must be tested quickly for
disease biomarkers to determine the appropriate treatment. The time constraint for performing
quantitative assays can be minimized by triaging the large number of samples by qualitative
yes/no assays and then performing quantitative assays only on the samples that have provided a
positive indication for the presence of the biomarker. Figure 3-1 illustrates such a general
strategy to triage samples (using odor as an assay output), while simultaneously including the
option of quantitative measurements (using fluorescence as an assay output).

Figure 3-1. Assay strategy for triaging samples (a) using odor generated from activity-based
detection reagents present in the assay (b).5
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The use of odor as an assay output for triaging samples has certain advantages. First, it does
not require any special equipment for detecting the qualitative readout (the human nose is
ubiquitous). Second, the sensitivity of the assay using odor can be modified by using particularly
odorous reporters. For example, the use of thiol as an assay reporter should make the assay very
sensitive as the human nose is particularly receptive to thiols.6 Human nose can detect thiols at
concentrations as low as 2 ppb in air.Third, unlike a colorimetric assay, odor-based assays
remain unaffected by the color of the assay mixture. Consequently, we wanted to develop a
single-step assay for detection of enzyme biomarkers using odor as an output, with the additional
ability to obtain quantitative measurement of the biomarker concentration in the sample, if
needed.
Odor has been used in diagnosis of skin infections, tuberculosis, diabetic ketoacidosis, liver
diseases, and cancer.7 However, these diagnostic tests are usually anecdotal and are unlikely to
replace molecular diagnostic tests. In contrast, synthetic reagents capable of controlled release of
odorous compounds can be useful for certain applications, such as diagnostics. For example,
Phillips and coworkers developed controlled release reagents that released fragrant molecules for
potential deodorization applications.8 These reagents simultaneously released two fragrant
alcohols (e.g., citronellol and 2-phenylethanol) and a colored reporter as a response to βglucuronidase (an enzyme biomarker for E. coli infection). In the context of diagnostic assays,
Filipe and coworkers developed a variant of ELISA that released odorous compounds (instead of
the commonly used colorimetric ELISA).9 They used tryptophanase enzyme conjugated to an
antibody as a detection reagent. The co-immobilization of the labeled antibody onto a solid
support in the presence of the target antigen was followed by enzymatic transformations to
generate odorous methanethiol or indole. However, like most diagnostic assays based on ELISA,
this odor based ELISA remains difficult to implement in resource-limited settings because of the
complexity of the assay procedure and the use of themally-sensitive reagents.
We describe here the design of an activity-based detection reagent that simultaneously
releases highly odorous ethanethiol and a fluorescent reporter as a response to hydrogen peroxide
(a signaling molecule). We use this small-molecule reagent in a single-step enzyme detection
assay to triage samples by odor and then to quantify enzyme concentrations using the fluorescent
signal.
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3.2 Experimental design
3.2.1 Design of a reagent that generates two distinct readouts
To develop a single step enzyme detection assay that simultaneously allows triaging of
samples by odor and quantitative measurement of enzyme levels (Figure 3-1), we designed
controlled release reagent 3-1. Reagent 3-1 contains an aryl boronate that reacts with hydrogen
peroxide (H2O2) to reveal a short-lived intermediate phenol (Figure 3-2). The phenol
intermediate undergoes a rapid 6-exo-trig cyclization to generate a coumarin-based fluorophore
(3-2) and an equivalent of ethanethiol.

Figure 3-2. Reaction of the controlled release reagent 3-1 with H2O2 (a signal-transduction

molecule) to generate the dual readouts of fluorescence (3-2) and odor (ethanethiol).

The development of the reagent 3-1 involved certain design criteria that had to be met for the
odor-based assay strategy to work effectively. Firstly, the odor-generating reagent must be
compatible with the conditions used for enzyme detection assays in biological samples. We
included an aryl boronate functional group that reacts selectively with H2O2 and undergoes a
rapid oxidative cleavage reaction in aqueous environment to reveal a phenol functionality. The
use of aryl boronate functionalities for fluorescence imaging of H2O2 in biological samples has
been demonstrated previously.10 Moreover, H2O2 can also be used as a signal transduction
molecule in coupled enzyme assays.11 Secondly, to achieve the highest level of sensitivity, 3-1
should be designed to induce the highest levels of odor response. We included a thiol releasing
unit (a thioester) in the design of reagent 3-1. A volatile thiol (ethanethiol) was specifically
chosen as the reporter molecule since the human nose is especially sensitive to low molecular
weight thiols and can detect concentrations as low as 2 ppb of thiols in air.6 Finally, there should
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be matching in sensitivity between the qualitative (i.e., odor) and the quantitative (i.e,
fluorescence) signals in the single-step assay depicted in Figure 3-1. To achieve this goal,
reagent 3-2 was designed to generate a coumarin-based fluorescence reporter (along with a
thiol). Compared to colorimetric assays, fluorescence assays are more sensitive and are expected
to have a better sensitivity matching with assays that generate thiols with very low odor
threshold concentrations.
3.2.1 Design of a single-step enzyme assay strategy for triaging of samples by odor
Once we had designed a reagent that gave two distinct readouts, our goal was to develop
a single-step assay to detect enzymes both qualitatively (i.e., using odor) and quantitatively (i.e.,
using fluorescence). To achieve this goal, we used the combination of controlled release reagent
3-1 and a general detection reagent 3-3 to develop a single-step assay (Figure 3-3). Detection
reagent 3-3 generates glucose in the presence of a specific enzyme analyte. Glucose oxidase
present in the assay solution catalyzes the oxidation of the released glucose to generate gluconic
acid and H2O2 (the signal transduction molecule). Controlled release reagent 3-1 then reacts with
H2O2 to generate the fluorescent and the odorous products. Since reagents 3-1 and 3-3 are
designed to work in tandem in a single assay solution, several enzyme analytes can be detected
by simply switching the detection reagent 3-3.

Figure 3-3. A single-step assay strategy using controlled release reagent 3-1 and a general
detection reagent (3-3).
49

3.3 Results and discussion
3.3.1 Synthesis of controlled release reagent 3-1.
Controlled release reagent 3-1 was synthesized from commercially available starting
material vanillin (3-4). Briefly, 6-bromovanillin (3-5) was synthesized from vanillin in three
steps with a yield of 63%. The aryl boronate (3-6) was synthesized using a Miyaura borylation of
3-5. A base-catalyzed Knovenegel condensation was used to transform intermediate 3-5 to
controlled release reagent 3-1. Although the condensation reaction had a modest yield (35%), the
remainder of the material from the reaction was recovered starting material 3-6, which could be
recovered and used again.
Scheme 1. Synthetic route to controlled release reagent 3-1.

3.3.2 The response of reagent 3-1 to H2O2.
Controlled release reagent 3-1 is designed to react rapidly with H2O2 in aqueous solutions
to generate the coumarin derivative 3-2. To demonstrate the reactivity of 3-1, we treated a 0.5
mM solution of 3-1 in 1:1 MeOH/10 mM phosphate buffer (pH 7.4) with 5 equivalents of H2O2
and monitored the reaction using LC-MS. Reagent 3-1 was consumed within minutes and a LCMS peak corresponding to 3-2 was observed (Figure 3-4). The cyclization reaction to generate 32 (Figure 3-2) is very rapid and none of the oxidative cleavage product (i.e, the phenol
intermediate) was observed by LC-MS. The characteristic odor of ethanethiol was also detected
during the reaction.
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Figure 3-4. Overlaid LC-MS spectra for three sequential injections of aliquots of the reaction
mixture containing 0.5 mM 3-1 and 5 equivalents of H2O2. The reaction solvent was 1:1
MeOH/ 10 mM phosphate buffer (pH 7.4) at 20 °C.5

We also followed the progress of the reaction by fluorescence spectroscopy. Specifically,
when 3-1 (20 μM in 10 mM phosphate buffer containing 1% (v/v) MeOH) was treated with H2O2
(1.1 equiv) the fluorescence emission intensity around 500 nm increased rapidly over 12 minutes
(Figure 3-5), providing further evidence that 3-1 is converted to the fluorescent product 3-2 in
the presence of H2O2.

Figure 3-5. Time dependent fluorescence emission spectra for a reaction containing 20 μM 31 and 1.1 equivalents of H2O2. The reaction solvent was 10 mM phosphate buffer (pH 7.4)
with 1% (v/v) MeOH. The excitation wavelength (λex) was 470 nm and the experiment was
conducted at 20°C. Fluorecence spectra were acquired every 2 minutes.5
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When controlled release reagent 3-1 was exposed to varying concentrations of H2O2 in a
fixed-time assay, a reproducible dose-response curve was obtained (Figure 3-6). Correlation
between the fluorescence emission intensity and the concentrations of H2O2 provided further
evidence for the generation of the fluorescent product 3-2. The predictable response of 3-1 to
H2O2 also suggested that H2O2 can operate effectively as a signal-transduction molecule in a
single-step, two-component enzyme detection assay as depicted in Figure 3-3.

Figure 3-6. Dose-response curve obtained when 3-1 was treated with varying concentrations
of H2O2. The final concentration of 3-1 in the assay was 20 μM in 10 mM phosphate buffer
(pH 7.4) containing 1% (v/v) MeOH. The fluorescence emission intensity was measured at
510 nm with λex = 470 nm. All data points represent the average of three independent
measurements and the error bars reflect the standard deviation from these averages.5

3.3.3 Single-step enzyme assay strategy for triaging of samples (by odor) and quantifying
enzyme concentrations (by fluorescence).
To test the idea that H2O2 can be used as a signal-transduction molecule in a
fluorescence-based enzyme assay (Figure 3-3), we set up two separate assays for the detection of
β-galactosidase and alkaline phosphatase (ALP). Briefly, a mixture of controlled release reagent
3-1, the general detection reagent 3-3 (2-1 or 2-3) (Figure 3-7), and glucose oxidase was treated
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with aqueous samples containing varying concentrations of the enzyme (β-galactosidase or
ALP). The fluorescence emission intensity of the assay solution was measured after an interval
of 1 hour. Two calibration curves were prepared using the fluorescence measurement data.

Figure 3-7. The structures of specific detection reagents used in combination with 3-1 in the
single-step enzyme detection assay depicted in Figure 3-3. The enzymes β-galactosidase and
alkaline phosphatase catalyze the hydrolysis of the reagents 3-3a and 3-3b to generate
glucose.5
These single-step, fluorescence assays using the reagents 3-1 and 3-3 are sensitive
enough to detect low nM levels of enzymes (Figure 3-8). For example, the limit-of-detection
(LOD) for the assay for β-galactosidase was 21 nM (enzyme activity of 2.2 U L-1) with a linear
dynamic range extending up to 500 nM. Similarly, the calibration curve for the detection of ALP
provided a LOD of 10 U L-1 with a dynamic range of 10 U L-1–1000 U L-1.
To demonstrate the effectiveness of the assay strategy (Figure 3-3) to triage samples by
the odor of the assay, we conducted a double blind odor panel test. Briefly, ten individuals
(member of the Phillips group) each were given four different samples, two of which were
control assays. The other two assays were chosen randomly from a selection that contained either
0 nM or 200 nM β-galactosidase. Using only the odor of the assays, 80% of the samples were
identified correctly as containing either 0 nM or 200 nM of β-galactosidase. Since 200 nM of βgalactosidase lies approximately at the center of the linear dynamic range of the fluorescencebased assay, the sensitivity of the qualitative odor panel test matches perfectly with the
quantitative assay. Similar sensitivity matching was also observed for the assay for ALP. The
odor panel test for ALP showed that 70% of the samples were identified correctly as containing
either 0 U L-1 or 100 U L-1. The matching in sensitivities between the odor-based qualitative
assays and the fluorescence-based quantitative assays suggests that the former can be used to
triage samples without using expensive equipment.
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Figure 3-8. Calibration curves for the quantitative detection of the enzymes (a) βgalactosidase, and (b) ALP using the reagents 3-1 and 3-3. The final concentrations of 3-1, 33a (or 3-3b), and glucose oxidase were 20 μM, 10 mM, and 1000 U L-1 respectively. The
assay solutions were in 10 mM phosphate buffer, pH 7.4, containing 1% (v/v) MeOH (for a)
and 50 mM Tris buffer, pH 7.4 containing 1% (v/v) MeOH (for b). The fluorescence emission
intensities (I) were measured at 510 nm using λex = 470 nm, and the assay times were 1 h. I0
denotes the fluorescence intensities obtained in the absence of the enzyme analyte. All data
points represent the average of three independent measurements and the error bars reflect the
standard deviation from these averages.5
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3.4 Conclusions
In conclusion, we have developed a single-step enzyme assay strategy with dual-output (odor
and fluorescence) that allows triaging of samples using odor. The odor output is generated using
a controlled release reagent that releases ethanethiol in the presence of H2O2. The odor can be
used to obtain a qualitative indication of the presence of enzyme biomarkers through a sequence
of chemical transformations in a single assay vessel. The odor-based qualitative assay is
amenable for use in resource limited environments, since it removes the need for specialized
equipment. The assay also generates a fluorescent product that can be used to quantify the
enzyme target. The quantitative fluorescence assay can be accomplished by using inexpensive
hand-held fluorescence readers or an even less expensive paper-based device with internal
microfluidic batteries to power a miniature fluorimeter.12 This assay strategy with dual-outputs
should reduce the time burden associated with running many quantitative assays in point-of-care
settings.
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Chapter 4
Signal amplification via a self-propagating, thiol-mediated reaction sequence
4.1 Introduction
Diagnostic tests for disease biomarkers usually employ signal amplification reactions to
achieve the levels of sensitivity required for rapid disease diagnosis. Current state-of-the-art
diagnostic tests (such as ELISA, PCR, and bio-barcode assays) require multistep procedures to
achieve signal amplification.1-3 Recently, several single step amplification strategies have been
developed using synthetic polymers,4-5 supramolecular catalysts,6-7 certain biomolecules,1,8 or
small molecule amplification reagents.9 Signal amplification strategies using small molecule
reagents are particularly attractive as they have the added advantage of high reagent stability (as
compared to biomolecules), and the ease with which these reagents can be modified (as
compared to synthetic polymers) to meet desired diagnostic requirements. Small molecule-based
signal amplification strategies in the context of diagnostic tests can be described by the general
reaction sequence depicted in Figure 4-1. Briefly, an activity-based detection reagent responds
selectively to the target analyte to generate a signaling molecule. The signaling molecule is then
converted to multiple copies of an output using an amplification reagent. Ideally, the detection
and the signal amplification steps occur concurrently in a single assay solution.

Figure 4-1. Signal amplification in the context of diagnostic tests.
Depending on the mechanism by which they function, small molecule signal
amplification reagents can be classified as:
(i) Reagents that amplify signal through catalysis. In catalytic signal amplification strategies, the
target analyte accelerates the conversion of multiple copies of a small molecule substrate to an
easily quantifiable product. Enzyme assays are the most common examples of diagnostic assays
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that use catalysis for signal amplification.10 Chapter 1 (Table 1-2) describes several examples of
common enzyme assays used in clinical settings. Catalytic signal amplification is also widely
used for the detection of heavy metals (as a pollutant). For example, Koide and coworkers
developed an activity-based probe for the detection of palladium (Figure 4-2).11 Probe 4-1
undergoes a palladium catalyzed Tsuji-Trost deallylation reaction to generate a fluorescent
product (4-2), which can be quantified using a fluorimeter and correlated with the concentration
of palladium in the original sample.

Figure 4-2. A palladium detection assay using palladium catalyzed Tsuji-Trost deallylation
reaction.11

(ii) Reagents that amplify signal through autocatalysis. In autocatalytic signal amplification
reactions, the target analyte reacts with an amplification reagent and generates an active
signaling species that catalyzes its own formation. An example of autocatalysis in the context of
diagnostics is the silver reduction reaction.12 In the silver reduction reaction (i.e, Ag(I)  Ag(0)),
trace levels of the product (i.e., Ag(0)) catalyze the reaction, leading to rapid deposition of
insoluble metallic silver. Silver reduction is commonly used in microscopy, immunoassays, and
biobarcode assays.3,12 Autocatalytic amplification reactions usually follow sigmoidal reaction
kinetics. In Chapter 5, we describe an autocatalytic signal amplification reaction that amplifies
signal using a base-mediated reaction sequence.
(iii) Reagents that amplify signal using autoinductive reagents. Autoinductive reagents belong to
a new class of amplification reagents. These reagents generate two or more copies of an active
signaling species in response to the target analyte.13-16 The signaling species are subsequently
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consumed by additional copies of the autoinductive reagents to produce more copies of the
signaling species. The amplification reaction continues to generate the signaling species until all
of the autoinductive reagent is consumed. Phillips and coworkers developed a fluoride-mediated
autoinductive amplification strategy (Figure 4-3).14 Briefly, autoinductive reagent 4-3 reacts with
trace levels of fluoride (F–), and through a sequence of chemical transformations generates two
copies of F– and a colored reporter (4-4). The generation of two equivalents of F– ensures that the
cyclic reaction sequence continues to generate the colorimetric readout until all of 4-3 is
consumed. The autoinductive reaction sequence can be used to measure F– in drinking water, or
can be used to detect a variety of targets using suitable detection reagents that release F– into an
assay solution containing 4-3. A conceptually similar autoinductive reagent that uses H2O2 as the
signaling species also has been developed.16

Figure 4-3. Reaction sequence describing a F– mediated autoinductive signal amplification
strategy. The reaction can be used to detect F– or other targets using a separate detection
reagent.14
(iv) Reagents that amplify signal using reaction networks. Amplification strategies using reaction
networks employ multiple reagents to detect an analyte and generate an amplified response. At
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least one of the reagents used in such a reaction network amplifies signal through catalysis,6,7,17
autocatalysis,18 or as an autoinductive reagent.19-23 For example, Shabat and coworkers
developed a reaction network-based signal amplification strategy using H2O2 as the signaling
molecule (Figure 4-4).19 The various components of this reaction network are detection reagent
4-5, choline (4-6), the enzyme choline oxidase, H2O2, and amplification reagent 4-7. In the
presence of the enzyme analyte (penicillin-G-amidase), the reaction network generates the
colorimetric product 4-8. Signal amplification is achieved over time because of catalytic turnover
(for the enzymatic transformation of choline to betaine aldehyde) and the ability of the
autoinductive signal amplification reagent 4-7 to generate multiple copies of the signaling
molecule. Unlike autocatalytic and autoinductive reagents, signal amplification using a reaction
networks require multiple reagents to work in tandem.

Figure 4-4. Reaction sequence that depicts signal amplification using a reaction network.19
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Signal amplification strategies that use autocatalytic and autoinductive reagents usually
follow sigmoidal kinetics with an initial lag phase (Figure 4-5).24 In diagnostic assays, this lag
phase can introduce a wait time before the effect of signal amplification is observed. Catalysts, in
contrast, amplify signal without a lag phase. We describe here a new class of signal amplification
reagents (4-9–4-11) that amplify signal using a self-propagating, thiol-mediated reaction
sequence (Figure 4-6). The amplification reaction follows reaction kinetics that is neither
catalytic, nor autocatalytic, but is still self-propagating as depicted in Figure 4-6. In the context
of diagnostic assays, these amplification reagents can be used in combination with detection
reagents to achieve sensitive and selective detection of disease biomarkers.

Figure 4-5. Signal generated by amplification reactions that follow (a) catalytic
kinetics, and (b) autocatalytic kinetics.
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4.2 Experimental design
The amplification reagents (4-9–4-11) are designed to respond to thiols and generate an
equivalent each of a fluorescent coumarin derivative and ethanethiol (Figure 4-6). The released
copy of ethanethiol sets up a self-propagating reaction sequence that amplifies fluorescent signal.
We used a 2,4-dinitrobenzene sulfonyl (DNBS) group (green in Figure 4-6) as the thiol
responsive unit. The DNBS group reacts selectively with thiols over other nucleophiles.25 In the
presence of thiols, the DNBS group is cleaved, revealing a short-lived 2-hydroxy-Z-cinnamate
(phenol) intermediate. The intermediate undergoes a rapid 6-exo-trig cyclization to
simultaneously generate an equivalent of ethanethiol and a coumarin fluorophore. The structure
of amplification reagents 4-9–4-11 includs design elements similar to those of the controlled
release reagent 3-1. Consequently, a detection reagent structurally similar to 3-1 can be used to
generate the thiol needed to initiate the amplification reaction.

Figure 4-6. Reaction scheme depicting a signal amplification strategy using reagents 4-9, 410, or 4-11. The amplification reagents react with trace levels of thiol to generate an
equivalent of thiol and a fluorescent product. The reaction sequence continues to generate the
fluorescent product until the signal amplification reagent is consumed.
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4.3 Results and discussions
4.3.1 Synthesis of amplification reagent 4-9
Amplification reagent 4-9 was prepared using a convergent synthetic route from known
starting material 4-12 (Scheme 4-1). Briefly, the phenols on 4-12 were sequentially protected
with TBDPS and DNBS groups to obtain the intermediate 4-14. The phosphoryl thioester
intermediate 4-16 was synthesized concurrently using a two-step route. The Z-cinnamate
intermediate 4-17 was then prepared from 4-14 and 4-15 using a Horner-Wadsworth-Emmons
reaction. Deprotection of the TBDPS group on 4-17 provided amplification reagent 4-9 with an
overall yield of 25% (6 steps).

Scheme 4-1. Synthetic route to amplification reagent 4-9.
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4.3.2 Preliminary assay to demonstrate signal amplification using reagent 4-9
To demonstrate the ability of reagent 4-9 to sustain a self-propagating reaction, we
treated 4-9 with 0.1 equivalent of L-cysteine and followed the progress of the reaction by
measuring the fluorescent output (Figure 4-7). The plot in Figure 4-7 reveals that 4-9 generates a
fluorescent signal with increasing intensity, even when the amplification reagent is initiated by
only 0.1 equivalent of L-cysteine. The result of the fluorescence-based experiment also suggests
that the signal amplification reaction follow kinetics that are similar to that of a catalytic reaction
(Figure 4-5). The graph in Figure 4-7 also shows that the amplification reaction has a small
amount of background signal (i.e., when no L-cysteine was used in the reaction). This
background signal can limit the sensitivity of a detection assay that uses 4-9 for signal
amplification. We designed amplification reagents 4-10 and 4-11 to minimize the background
reactions, while still retaining the ability to amplify fluorescent signal without a lag phase.

Figure 4-7. Normalized fluorescence signal obtained when signal amplification reagents 4-9,
4-10, or 4-11 were exposed to L-cysteine (0.1 or 0 equiv). The concentration of the
amplification reagent in each reaction was 2 mM in 1:1 CH3CN/0.1 HEPES buffer, pH 7.4, 1
mM EDTA. Fluorescence data were obtained after dilution of a 20 uL aliquot of the reaction
mixture in 2 mL of 1:1 CH3CN/0.1 HEPES buffer, pH 7.4, 1 mM EDTA.
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4.3.3 Design of amplification reagents 4-10 and 4-11 to reduce background hydrolysis
We hypothesized that the small amount of background fluorescence signal observed for
4-9 is presumably due to hydrolysis of the thioester via assistance of the phenol resonating
through the benzene ring to form a ketene intermediate (Figure 4-8). To test this hypothesis, we
prepared amplification reagent 4-10, in which the phenol is protected as a methyl ether and the
presumed resonance effect is reduced.

Figure 4-8. Presumed formation of a ketene intermediate that is responsible for
background hydrolysis of 4-9.
Amplification reagent 4-10 was prepared in two steps from commercially available
reagents (Scheme 4-2) with an overall yield of 31%. Treatment of amplification reagent 4-10
with 0.1 equivalent of L-cysteine provided a reaction kinetic profile that was similar to that of 49, albeit with a slightly slower reaction rate (Figure 4-7). The background hydrolysis for 4-10
was negligible within the observation window, which suggests that the resonance effect may
indeed contribute to the background hydrolysis for 4-9.
Scheme 4-2. Synthetic route to amplification reagent 4-10.
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The methyl ether group in amplification reagent 4-10 reduces the fluorescence quantum
yield of the fluorescent product. The fluorescent product 4-21 (generated from the signal
amplification reaction containing 4-10) is approximately 1.8 times less fluorescent than 4-20
(generated from signal amplification reaction containing 4-9).26 To offset this reduction in the
fluorescent signal, we synthesized a third-generation signal amplification reagent 4-11 (Scheme
4-3). Signal amplification using 4-11 generates the fluorescent product 4-22 (Figure 4-9), which
has a fluorescent quantum yield 1.5 times higher than 4-21.27 Consequently, using 4-11 as a
signal amplification reagent results in the recovery of the fluorescent signal that was lost when
the methyl ether was included in the amplification reagent, while retaining the lower levels of
background hydrolysis.

Figure 4-9. Structures of fluorescent products 4-20, 4-21, and 4-22 generated in
amplification reactions containing reagents 4-9, 4-10, and 4-11, respectively.

Scheme 4-3. Synthetic route to amplification reagent 4-11.

67

4.3.4 Time-dependent LC-MS study of the signal amplification reaction using reagent 4-11
To verify the reactivity of amplification reagent 4-11 as depicted in Figure 4-6, we
exposed a solution of 4-11 to 0.1 equivalents of L-cysteine and followed the progress of the
reaction using LC-MS (Figure 4-10). We observed the formation of the expected products (4-22,
4-25, and 4-26). The presence of these products in the reaction mixture was confirmed either by
mass spectra, or by co-injection of products prepared by independent syntheses. The reaction
mixture was bright yellow, a color consistent with 4-26, which is formed by a known Smiles
rearrangement reaction of the L-cysteine adduct with dinitrobenzene.28 The absence of a peak
corresponding to the phenolic intermediate (Figure 4-6) suggests that the 6-exo-trig cyclization
reaction is fast and that the thiol-mediated cleavage of the DNBS group is the rate-limiting step
in the amplification reaction.
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Figure 4-10. Analysis of the reaction products obtained when 4-11 was exposed to 0.1 equiv
of L-cysteine. L-cysteine was used to initiate the amplification reaction to facilitate ionization
and identification of products. (a) Reaction scheme depicting the reaction, and (b) overlaid
LC-MS spectra for four sequential injections of aliquots of the reaction containing 4-11 (2
mM) and L-cysteine (0.2 mM) in 1:1 CH3CN/ 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA.
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4.3.5 Dose-dependent signal amplification using reagent 4-11
When amplification reagent 4-11 was treated with varying initial quantities of ethanethiol
(a signaling molecule that could be generated from a detection event), we observed a dosedependent generation of fluorescent signal (Figure 4-11). The kinetics profile depicted in Figure
4-11 reveals that regardless of the initial quantity of ethanethiol, the amplification reactions using
4-11 provide the same maximum level of signal. Additionally, the time required to obtain a
signal with a defined fluorescent intensity is dependent on the quantity of ethanethiol used to
initiate the reactions. These observations suggest that 4-11 can perform effectively as a signal
amplification reagent as depicted in Figure 4-6.

Figure 4-11. Normalized fluorescence data obtained when amplification reagent 4-11 was
treated with different initial quantities of ethanethiol. The concentration of 4-11 in each
reaction mixture was 2 mM in 1:1 CH3CN/0.1 M HEPES buffer, pH 7.4, containing 1 mM
EDTA. Fluorescence measurements (λexcitation = 325 nm; λemission = 430 nm) were obtained
after the dilution of 20 μL aliquots of the reaction mixture in 2 mL of 1:1 CH3CN/0.1 M
HEPES buffer, pH 7.4, containing 1 mM EDTA. The data points represent the average of
three independent measurements and the error bars represent the standard deviations from
these averages. The normalized fluorescence data were fit using equation 4.6, which is
described in the next section.
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4.3.6 Analysis of the kinetics of signal amplification using reagent 4-11
Amplification reagent 4-11 was designed to provide amplification kinetics similar to
catalytic signal amplification reactions, i.e., without a lag-phase (Figure 4-5). The fluorescent
signal profiles obtained using 4-11 (2 mM) and initial ethanethiol concentrations greater than
0.05 equiv (100 μM) follow the expected second-order kinetics without a lag phase. However, at
lower levels of ethanethiol (i.e.,  0.05 equiv), we observed a deviation from the expected
kinetics (i.e., kinetic profiles appear sigmoidal). A possible reason for such a deviation could be
the manifestation of autocatalysis in the amplification reaction depicted in Figure 4-6 (i.e., one of
the reaction products catalyses the amplification reaction). To further evaluate if autocatalysis is
observed in the amplification reaction, we constructed a kinetics model that included product
catalysis in the rate equation. Briefly, for the overall reaction:

where P is a reaction product (Figure 4-6) that promotes the reaction.
The rate equation for the reaction takes the form:
d[4-22]/dt = ka[4-11][EtSH] + kb[4-11][EtSH][P]
= [4-11][EtSH]{ ka + kb[P] }

(4.1)

where, [4-22], [4-11], [EtSH], and [P] are the time-dependent concentrations of 4-22, 4-11,
EtSH, and P respectively. ka and kb are rate constants. Rate equations similar to 4.1 have
previously been used to explain the effect of product catalysis in nucleophilic substitution
reactions.29-30
At steady state:
[4-11] + [4-22] = [4-11]0

(4.2)

[4-22] = [P]

(4.3)

[4-11]0 + [EtSH]0 = [4-11] + [EtSH] + [P]

(4.4)
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where, [4-11]0, [EtSH]0 are initial concentrations of 4-11 and ethanethiol respectively. The [411], [EtSH], [4-22], and [P] are the time-dependent concentrations of 4-11, EtSH, 4-22, and P
respectively. Equations 4.2–4.4 were derived by balancing the stoichiometry in reactions
depicted in Figure 4-6.
Substituting equations 4.2–4.4 in equation 4.1, we obtain:
d[4-22]/dt = [4-11][EtSH]{ ka + kb[P] }
= {[4-11]0 – [4-22]}{[EtSH]0}{ka + kb[P]}

(4.5)

Equation 4.5 is a first order differential equation with the solution:

a(e mt  1)
y
ak  mt

(4.6)

where, a = [4-11]0, k = kb / ka, m = (1 + a k ) ka [EtSH]0, and t = reaction time.
The normalized fluorescence data in Figure 4-11 were fit with equation 4.6 and we
observed good correlation between the experimental data and the predicted data generated using
the kinetic model described by equation 4.1.
To obtain further insight into the nature of catalysis observed in the amplification
reactions using 4-11, we performed control experiments in which we added 0.5 equivalents of
reaction products 4-22 (5,7-dimethoxycoumarin) and 4-25 (2,4-dinitrophenylethyl thioether) to
separate amplification reactions containing 4-11 (2 mM) and ethanethiol (0.02 mM), and
compared the kinetics of these reactions with a similar reaction that contained no additives.
Figures 4-12 and 4-13 show that the reaction products (4-22 and 4-25) do not affect the rate of
the amplification reactions, thus we needed to consider other alternative explanation for the
sigmoidal kinetics. Cleavage of the DNBS group is known to follow an SNAr reaction
mechanism.31-33 However, the exact nature of the unusual kinetic behavior demonstrated by 4-11
is difficult to ascertain since SNAr reactions can be catalyzed by a variety of species including
base,34 nucleophilic amines,29 and micelles.35-36 Alternatively, non-covalent interactions could
also be responsible for the apparent autocatalytic behavior.37 Ultimately, the autocatalytic
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behavior at low concentrations of thiol appear to originate from the unusual kinetics associated
with the cleavage of the DNBS group.

Figure 4-12. Effect of additive 4-22 (1 mM) on the kinetics of signal amplification reaction
using 4-11 (2 mM) and ethanethiol (0.02 mM). The reaction solvent was 1:1 CH3CN/0.1 M
HEPES buffer, pH 7.4, containing 1 mM EDTA. Fluorescence data (λexcitation = 325 nm;
λemission = 430 nm) was obtained after dilution of 20 μL aliquots of the reaction mixture in 2
mL of 1:1 CH3CN/0.1 M HEPES buffer, pH 7.4, containing 1 mM EDTA. The data points
represent the average of three independent measurements and the error bars represent the
standard deviations from these averages.
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Figure 4-13. Effect of additive 4-25 (1 mM) on the kinetics of the signal amplification
reaction using 4-11 (2 mM) and ethanethiol (0.02 mM). The reaction solvent was 1:1
CH3CN/0.1 M HEPES buffer, pH 7.4, containing 1 mM EDTA. Fluorescence data (λexcitation =
325 nm; λemission = 430 nm) was obtained after dilution of 20 μL aliquots of the reaction
mixture in 2 mL of 1:1 CH3CN/0.1 M HEPES buffer, pH 7.4, containing 1 mM EDTA. The
data points represent the average of three independent measurements and the error bars
represent the standard deviations from these averages.
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4.3.7 Generality of the response of amplification reagent 4-11 to thiols
A useful feature of the thiol-mediated signal amplification strategy we describe here is its
ability to respond to various types of added thiols (the signaling molecule that would originate
from a detection event). In separate experiments, we exposed 4-11 to 0.3 equivalents of various
thiols and followed the progress of the reactions using fluorimetry (Figure 4-14). Primary and
secondary thiols, including thiophenols provided similar reaction kinetics, but tertiary thiols
yielded substantially lower rates of signal amplification. These results further confirm that the
cleavage of the DNBS is the rate-limiting step in the amplification reaction. More importantly,
these results demonstrate that signal amplification using 4-11 can be initiated using a variety of
thiols with approximately similar rates.

Figure 4-14. Effect of the structure of added thiol on the time required for amplification
reactions using 4-11 to reach half of the maximum fluorescent signal (T50). The amplification
reactions contained 4-11 (2 mM) and thiol (0.6 mM) in 1:1 CH3CN/0.1 M HEPES buffer, pH
7.4, containing 1 mM EDTA. The data presented here are the average of three independent
measurements and the error bars represent the standard deviations from the averages.
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4.4 Conclusions
In conclusion, we have developed signal amplification reagents 4-9–4-11 that provide an
amplified fluorescent output through a thiol-mediated self-propagating reaction. The rate of
signal amplification depends on the initial concentration of thiol used to start the signal
amplification reaction. Signal amplification using reagents 4-10 and 4-11 operates with minimal
competition from background reaction and is compatible with aqueous samples. Unlike networks
of reactions, the thiol-mediated amplification reaction described here does not require multiple
reagents to achieve signal amplification. The simplicity of design and the broad temporal control
observed for signal amplification using these reagents may be particularly useful in the context
of stimuli-responsive materials, where the presence of an analyte induces macroscopic changes
in materials.38-40
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Chapter 5
Signal amplification via an autocatalytic, base-mediated elimination reaction
5.1 Introduction
Signal amplification reactions are useful in the context of clinical diagnostics,1 and
stimuli-responsive materials.2,3 However, amplification reactions often use reagents that are
thermally unstable (such as enzymes and antibodies), or are difficult to modify in order to alter
the properties of the amplified response (like degradable polymers and macromolecular
catalysts). In contrast, small molecule signal amplification reagents are thermally-stable, easier to
modify, and can be synthesized in large quantities. Amplification reagents that operate through
autocatalysis (Figure 5-1) are one of the simplest kinds of amplification reagents, since they do
not require multiple components to generate an amplified response.4 In an autocatalytic reaction,
one of the reaction products promotes the overall reaction, leading to enhancement of reaction
rates (i.e., the quantifiable output is generated faster).

Figure 5-1. General scheme depicting an autocatalytic reaction.
Autocatalysis is observed in a variety of reactions, such as vinegar syndrome (the
autocatalytic degradation of cellulose acetate films),5 tin pest (the autocatalytic, allotropic
transformation of β-tin into α-tin),6 the Soai reaction (the autocatalytic enhancement of
enantiomeric excess during the alkylation of pyrimidine-5-carbaldehydes by diisopropylzinc),7
and silver reduction (the reduction of Ag(I) to Ag(0), which is catalyzed by the product).8
Certain product template-mediated reactions4,9 and multi-component reaction networks10,11 also
show autocatalytic behavior. These autocatalytic reactions (with the exception of silver
reduction) are difficult to implement in a diagnostic tests. We describe here a class of reagents
(5-1–5-3) that amplify signal using a base-mediated, autocatalytic reaction sequence.12 We also
demonstrate that these reagents can be used in diagnostic assays for signal amplification.
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5.2 Experimental design
5.2.1 Design of the amplification reagent
To develop an autocatalytic signal amplification strategy using small molecules, we
designed three amplification reagents: 5-1, 5-2, and 5-3. Reagents 5-1–5-3 were designed to
respond to trace levels of amine base (e.g., piperidine), and release one or more equivalents of
piperidine (Figure 5-2). Since we wanted the amplification reagents to operate via an
autocatalytic reaction sequence, we employed acid-base chemistry that allows rapid recycling of
the signaling molecule (i.e., piperidine). The autocatalytic behavior of the reaction sequence
arises from the regeneration of the signaling molecule during the course of the reaction.

Figure 5-2. Reaction scheme depicting a base-mediated, signal amplification strategy using
reagents 5-1–5-3. The amplification reagents react with trace levels of piperidine to generate
an equivalent each of dibenzofulvene (DBF) and piperidine. The equivalent of piperidine that
initiates the reaction cycle is regenerated during the reaction.12
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The development of amplification reagents 5-1–5-3 included certain design elements that
enable base-mediated signal amplification. First, the Fmoc group in reagents 5-1–5-3 was chosen
as the base responsive functionality because it reacts rapidly with piperidine to generate an easily
quantifiable chromophore (dibenzofulvene (DBF)). Second, we included a 4-aminobenzyl
alcohol linker to connect the Fmoc group to piperidine. The linker allows greater control over the
degree of amplification by accommodating the release of one (for 5-1 and 5-2), or two (5-3)
equivalents of piperidine. Finally, we included a methyl ether in the 3 position of the linker (i.e.,
meta to the amino group) to enable faster release of piperidine (i.e., 5-1 releases piperidine faster
than 5-2).
5.2.2 Design of an assay strategy to detect trace levels of an analyte
Once we had designed amplification reagents 5-1–5-3, our goal was to develop an
activity-based detection reagent that generated piperidine in response to an analyte. To achieve
this goal, we developed detection reagent 5-4 (Figure 5-3). Reagent 5-4 contains an Alloc group
linked to piperidine through a 4-aminobenzyl alcohol linker. In the presence of ligand-stabilized
Pd(0) (PdL2, generated in-situ under reducing conditions from the environmental pollutant
Pd2+/Pd(0)), 5-4 releases piperidine, which can be converted into an amplified signal using
reagents 5-1–5-3.

Figure 5-3. Reaction scheme depicting a palladium detection assay with detection reagent
5-4 and signal amplification reagents 5-1–5-3.12
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5.3 Results and discussions
5.3.1 Synthesis of amplification reagent 5-1, 5-2, and 5-3
Amplification reagent 5-1 was prepared using a four-step synthetic route from
commercially available starting material 5-5 (Scheme 5-1). Briefly, alcohol intermediate 5-6 was
prepared by the hydrolysis of the benzyl bromide on the starting material (5-5). Carbamate
intermediate 5-7 was then prepared by linking piperidine with alcohol intermediate 5-6 using
CDI. The base-mediated hydrolysis of the methyl ester in the intermediate 5-6 yielded carboxylic
acid 5-7. The Fmoc group was then installed using a one-pot sequence of reactions that involved
the synthesis of an acyl azide intermediate, a subsequent Curtius rearrangement, and the
condensation of 9-fluorenemethanol with the resulting isocyanate intermediate. This synthetic
route afforded 5-1 with an overall yield of 55% over four steps. Since amplification reagent 5-1
is designed to respond to trace levels of piperidine, the order of the synthetic steps was carefully
chosen to avoid the exposure of synthetic intermediates containing the Fmoc group to basic
conditions. Amplification reagents 5-2 and 5-3 were prepared using similar synthetic routes
(Scheme 5-2 and 5-3).
Scheme 5-1. Synthesis of amplification reagent 5-1.
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Scheme 5-2. Synthesis of amplification reagent 5-2 (performed by Kyle Schmid).

Scheme 5-3. Synthesis of amplification reagent 5-3.
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5.3.2 Time-dependent LC-MS study of the signal amplification reaction using reagent 5-1
To verify that reagent 5-1 proceeded through the base-mediated reaction as depicted in
Figure 5-2, we exposed a solution of 5-1 to 0.02 equivalents of piperidine. The reaction solvent
was 50:1 DMSO-H2O. Time-dependent LC-MS analysis of the reaction mixture (Figure 5-4)
revealed a clean and quantitative conversion of 5-1 to DBF. The aniline intermediate resulting
from the base-mediated cleavage of the Fmoc group was not observed by LC-MS. This
observation suggests that the elimination of piperidine (along with release of CO2 and the azaquinone methide intermediate) is rapid. We did not observe a peak corresponding to the azaquinone methide intermediate. Instead, we observed mass spectra consistent with the formation
of short oligomers of aza-quinone methide under the reaction conditions. Similar oligomerization
of aza-quinone methides have been observed previously.13

Figure 5-4. Analysis of the reaction products obtained when 5-1 was exposed to 0.02 equiv of
piperidine. (a) Reaction scheme depicting the products of the reaction between 5-1 and
piperidine; (b) overlaid LC-MS spectra for successive injections of aliquots of reaction
containing 5-1 (40 mM) and piperidine (0.8 mM) in 50:1 DMSO-H2O.12
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5.3.3 Dose-dependent signal amplification using reagent 5-1
To demonstrate the ability of reagent 5-1 to amplify signal, we exposed 5-1 to various
substoichiometric quantities of piperidine (a signaling molecule that could be generated from a
separate detection event). The progress of the amplification reaction was followed by measuring
the absorbance at 305 nm (i.e., the λmax for DBF). The normalized absorbance data (Figure 5-5)
reveals several features of the amplification reaction using 5-1. First, reagent 5-1 is completely
consumed to generate the same maximum level of signal, even when exposed to only 0.001
equivalents of piperidine. This observation demonstrates that reagent 5-1 is capable of over
1000 signal amplification. Second, the background signal from non-specific hydrolysis of 5-1 is
negligible over the course of the experiment. The lack of background signal is particularly
important in the context of detection assays, where non-specific hydrolysis would limit the
sensitivity of the assay. Finally, the kinetics profile of the reaction of 5-1 with piperidine is
sigmoidal, which is characteristic of an autocatalytic reaction. Similar sigmoidal kinetics profiles
are also observed in other autocatalytic reactions.4

Figure 5-5. Normalized absorbance data obtained when amplification reagent 5-1 was treated
with various initial quantities of piperidine. The concentration of amplification reagent 5-1
was 40 mM in 45:5:1 DMSO-THF-H2O. Absorbance measurements (at 305 nm) were
obtained after the dilution of 1 μL aliquots of the reaction mixture in 600 μL THF. The
experiments were performed in triplicate, and the error bars represent the standard deviations
from the average values.12
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To show that piperidine (and not just DBF) is amplified during the signal amplification
reaction using 5-1, we measured the amount of free base that is produced during the course of the
reaction (Figure 5-6). Briefly, we exposed aliquots of an amplification reaction (containing 5-1
and 0.01 equivalents of initial piperidine) to a solution of the pH indicator bromocresol green and
measured the change in color of the resulting solution. A sigmoidal increase in the absorbance
signal at 625 nm (which corresponds to the deprotonated form of the pH indicator) was observed.
The normalized absorbance at 625 nm increased at a rate that was identical to the rate of
generation of DBF (measured at 305 nm), thus demonstrating that the two reaction products
(piperidine and DBF) are generated simultaneously in the amplification reaction. Control
experiments using either 3-methoxyaniline or 4-aminobenzylalcohol (instead of 5-1) revealed
that the aniline reaction intermediate is not sufficiently basic to deprotonate the pH indicator to
generate a signal at 625 nm. These observations provide further evidence that additional
equivalents of base are generated during the course of the amplification reaction as depicted in
Figure 5-2.
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Figure 5-6. Demonstration of autocatalytic base amplification using reagent 5-1. (a) Reaction
scheme, and (b) Normalized absorbance of bromocresol green (green circular data points) at
625 nm and DBF (red circular data points) at 305 nm.12
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5.3.4 Evaluation of the effect of methyl ether on the rate of signal amplification using 5-1
Amplification reagent 5-1 was designed to include a methyl ether at the 3-position (i.e.,
meta to the amino group) of the 4-aminobenzyl linker. The presence of the electron donating
substituent was expected to accelerate the rate of release of piperidine via aza-quinone methide
elimination (Figure 5-7). Similar rate enhancement of rate of quinine methide-based elimination
reactions has been observed previously.14 As predicted, the reaction kinetics profiles in Figure 58 reveal that 5-1 (contains a methyl ether in the linker) amplifies signal at a faster rate than 5-2
(which lacks the methyl ether).

Figure 5-7. Effect of methyl ether (R = OMe) on the rate of release of piperidine via
aza-quinone methide elimination.

5.3.5 Evaluation of the effect of releasing multiple equivalents of piperidine on the rate of
signal amplification
Another method to increase the rate of signal amplification of the base-mediated signal
amplification reaction (in addition to the inclusion of the methyl ether substituent) is to release
multiple equivalents of piperidine from the 4-aminobenzyl linker. Reagent 5-3 releases two
equivalents of piperidine for each cleavage of the Fmoc group. Consequently, an amplification
reaction using 5-3 generated signal (i.e., the reaction product DBF) at a faster rate than a reaction
using 5-2 (Figure 5-8).
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Figure 5-8. Effect of the inclusion of methyl ether in the 4-aminobenzyl linker (5-1), and the
release of two equivalents of piperidine (5-3) on the rate of signal amplification (and the
background hydrolysis) using the reaction depicted in Figure 5-2. The concentration of
amplification reagent (5-1, 5-2, or 5-3) was 40 mM in 45:5:1 DMSO-THF-H2O. Absorbance
measurements (at 305 nm) were obtained after the dilution of 1 μL aliquots of the reaction
mixture in 600 μL THF. The experiments were performed in triplicate, and the error bars
represent the standard deviations from the average values.12

5.3.6 A palladium detection assay using reagent 5-1 for signal amplification
Once we had demonstrated that reagent 5-1 amplified signal through a base-mediated
reaction sequence, we evaluated whether a combination of amplification reagent 5-1 and
activity-based detection reagent 5-4 could be used in diagnostic assays. We used a two-step
assay (Figure 5-9a) to translate the detection of palladium (using 5-4) into the release of a
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signaling molecule (i.e., piperidine), and then amplify the small amount of piperidine using
amplification reagent 5-1. The dose-response curve obtained from the assay (Figure 5-9b) shows
that we can detect 12 ppm Pd (which is approximately the threshold level of Pd permitted in
drugs.15,16). Most importantly, the result in Figure 5-9b reveal that the amplification regent 5-1
can be paired with activity-based detection reagents (like 5-4) to achieve detection of trace-levels
of an analyte.

Figure 5-9. Palladium detection assay using (a) an assay involving the reaction of Pd
(analyte), 5-4 (detection reagent), and 5-1 (amplification reagent). (b) Dose-response curve
using normalized absorbance data (305 nm). The assays were performed in triplicate, and
the error bars represent the standard deviations from average values.12
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5.4. Conclusions
In conclusion, we demonstrated a signal amplification strategy using reagents 5-1, 5-2,
and 5-3. The base-mediated amplification reaction simultaneously amplifies base and an easily
quantifiable colorimetric signal. The pairing of amplification reagent 5-1 with detection reagent
5-4 allows sensitive and selective detection of a model analyte. The reactive functionality on 5-4
can be modified to target a variety of analytes. Amplification reagents, like 5-1, do not yet
provide rapid signal amplification, and are therefore not ideal for some diagnostic assays.
However, these types of reagents serve as a starting point for the design of autocatalytic reaction
systems. Additionally, these reagents can be useful in the context of stimuli-responsive materials
that respond autonomously to a variety of chemical signals.17-19
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Chapter 6
Material, Methods, Experimental Procedures, and Characterizations
Parts of the text in this chapter were reproduced from references 3, 6, and 8 by permission of The
Royal Society of Chemistry and WILEY-VCH Verlag GmbH & Co.
6.1 Material, methods, and general experimental procedures
All reactions requiring inert atmosphere were performed in flame-dried glassware under a
positive pressure of argon. Air- and moisture-sensitive liquids were transferred by syringe or
stainless steel cannula. Organic solutions were concentrated by rotary evaporation (25–40
mmHg) at ambient temperature, unless otherwise noted. All reagents and buffer salts were
purchased commercially and were used as received. Tetrahydrofuran, diethyl ether, methylene
chloride, acetonitrile, toluene, benzene, DMF, DMSO, methanol were purified by the method
developed by Pangborn et al.1 Flash-column chromatography was performed as described by
Still et al.,2 employing silica gel (60-Å pore size, 32–63 μm, standard grade, Dynamic
Adsobents). Thin layer chromatography was carried out on Dynamic Adsorbants silica gel TLC
(20 × 20 cm w/h, F-254, 250 μm). Deionized water was purified with a Millipore-purification
system (Barnstead EASYpure® II UV/UF).
Proton nuclear magnetic resonance (1H NMR) spectra were recorded using a Bruker AV360 (360 MHz), DRX-400 (400 MHz), or DPX-300 (300 MHz) at 20 °C. Proton chemical shifts
are expressed in parts per million (ppm, δ scale) and are referenced to tetramethylsilane
((CH3)4Si, 0.00 ppm) or residual protium in the nmr solvent. Data are represented as follows:
Chemical shift , integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet and/or multiple resonances, br s = broad singlet, dd = doublet of doublet, hex = sextet),
and coupling constant (J) in hertz. Carbon nuclear magnetic resonance spectra (13C NMR) were
recorded using Bruker AV-360 (360 MHz), DRX-400 (400 MHz), or DPX-300 (300 MHz) at 20
°C. Carbon chemical shifts are expressed in parts per million (ppm, δ scale) and are referenced to
the carbon resonance of the NMR solvent (CDCl3, δ 77.16 ppm; CD3OD, 49.00). LC-MS data
were obtained on an Agilent Technologies 1200 series analytical reverse-phase HPLC coupled to
an Agilent Technologies 6120 quadrupole mass spectrometer. The columns used were BETASIL
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Phenyl-Hexyl column (150 mm × 2.1 mm, 5 μm particle size). A True TrackTM personal
glucometer was used for all measurements of glucose levels. All UV-Vis data were obtained
using a Beckman-Coulter DU®-800 spectrophotometer. All fluorescence data were obtained
using a HITACHI F-7000 spectrofluorometer.

6.2 Chapter 2: Experimental procedures and characterizations3
Synthetic procedures
Synthesis of detection reagent 2-2.

6-O-Butyrylglucose (2-2).
Porcine liver lipase (0.38 g) was added to a stirred solution of β-D-glucose (1.0 g, 5.8 mmol, 1
equiv) and 2,2,2-trichloroethyl butyrate (1.5 g, 7.0 mmol, 1.2 equiv) in dry pyridine (25 mL) at
45 °C. The resulting suspension was stirred at 45 °C for 48 h. The reaction mixture was filtered
and the filtrate was concentrated. The resulting oil was purified using column chromatography
(elution with 2% methanol/EtOAc) to obtain 6-O-butyrylglucose 2-2 as a white solid(800 mg,
3.2 mmol, 55%) 1H-NMR (400 MHz, CDCl3, anomeric pair): δ 5.26 (0.5H, m), 4.69 (0.5 H, d, J
= 8.0), 4.49–4.29 (1.6H, m), 4.08–4.05 (0.5H, m), 3.80–3.60 (1H, m), 3.58–3.48 (2H, m), 3.30
(0.4 H, t, J = 8.0), 2.45 (2H, t, J = 7.2), 2.45 (2H, hex, J = 7.2), 2.45 (2H, t, J = 7.2); 13C-NMR
(90 MHz, CDCl3): δ 176.8, 96.5, 92.6, 90.0, 77.5, 76.1, 74.5, 73.9, 73.1, 71.9, 70.2, 70.1, 69.6,
63.7, 63.7, 36.3, 36.1, 18.5, 18.4, 13.8, 13.3; The NMR data matches previously published data
for 6-O-butyrylglucose.4
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Synthesis of detection reagent 2-4.

Tetraallyl ((3R,4S,5R,6R)-6-((trityloxy)methyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl)
tetracarbonate (2-6).
Allyl chloroformate (1.4 mL, 13 mmol, 4.5 equiv) was added to a solution of 6-O(triphenylmethyl)-D-glucopyranose 2-5 (1.3 g, 3.0 mmol, 1 equiv) and TMEDA (1.4 mL, 6.7
mmol, 2.3 equiv) in dry CH2Cl2 (25 mL) at 0 oC. The resulting solution was stirred at 0 oC for 1
h. The reaction mixture was diluted with CH2Cl2 (50 mL). The resulting solution was washed
with saturated aqueous NaHCO3 (20 mL). The aqueous layer was collected and was extracted
using CH2Cl2 (1 × 100 mL). The combined organic layers were washed with brine (1 × 20 mL),
and dried over anhydrous Na2SO4. The Na2SO4 was removed by filtration and the resulting
solution was concentrated under reduced pressure. The resulting oil was purified using column
chromatography (elution with 30% EtOAc/hexanes) to obtain tetraallyl ((3R,4S,5R,6R)-6((trityloxy)methyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl) tetracarbonate 6 (1.8 g, 2.4 mmol, 81%).
IR (cm-1) 2948, 2360, 1756, 1230; 1H-NMR (400 MHz, CDCl3, anomeric pair): δ 7.43–7.41 (6H,
m), 7.30–7.19 (9H, m), 6.39 (0.6 H, d, J = 3.5), 5.94–5.85 (4H, m), 5.64 (0.4 H, d, J = 7.6), 5.39–
5.21 (8H, m), 5.18–5.15 (1H, m), 5.15–5.01 (2H, m), 4.73–4.59 (6H, m) 4.52–4.37 (2H, m),
4.13–4.10 (0.6 H, m), 3.77–3.45 (0.4 H, m), 3.39–3.34 (1H, m), 3.20–3.12 (1H, m);
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C-NMR

(90 MHz, CDCl3): δ 154.1, 153.8, 153.6, 153.5, 153.4, 153.1, 153.1, 143.5, 143.5, 131.6, 131.2,
131.2, 131.2, 131.1, 130.9, 128.7, 128.7, 128.6, 128.0, 127.9, 127.3, 127.1, 119.6, 119.2, 119.2,
119.1, 118.9, 94.9, 92.6, 86.8, 86.7, 74.0, 73.6, 72.9, 72.1, 72.0, 71.1, 69.3, 69.2, 69.0, 68.9, 68.9,
68.8, 68.5, 61.8, 61.4; MS (TOF MS ES+, m/z): 781.4 (M + Na+); HRMS (TOF MS ES+, m/z)
Calculated for C41H42O14Na (M + Na+): 781.2472; Found: 781.2485.
Tetraallyl ((3R,4S,5R,6R)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl)
tetracarbonate (2-7).
p-Toluenesulfonic acid monohydrate (110 mg, 0.58 mmol, 0.25 equiv) was added to a solution of
2-6 (1.7 g, 2.3 mmol, 1 equiv) in 5:3 MeOH-CH2Cl2 (24 mL). The resulting solution was stirred
at 20 °C for 6 h. Triethylamine (0.3 mL) was added to the reaction mixture and the resulting
solution was concentrated. The resulting crude product was partially purified by passing it
through a plug of silica gel (elution with 40% EtOAc/hexanes) to obtain tetraallyl
((3R,4S,5R,6R)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl)

tetracarbonate

2-7,

which was used for subsequent reactions without further purification.
N-(4-(Hydroxymethyl)phenyl)-2-phenylacetamide (2-9).
Phenacetyl chloride (0.92 mL, 6.9 mmol, 1.05 equiv) was added dropwise to a stirred suspension
of 4-aminobenzyl alcohol (0.81 g, 6.6 mmol, 1 equiv) and potassium acetate (1.5 g, 15 mmol, 2.3
equiv) in DMF (40 mL) at –60 °C. The resulting solution was stirred at –60 °C for 10 min and at
20 °C for 10 min. The reaction mixture was then diluted with aqueous NaOH solution (20 mL,
1.0 M). The resulting solution was then neutralized to a pH of 7 using HCl (1.0 M) and the
product was extracted with CH2Cl2 (3  20 mL). The combined organic layers were sequentially
washed with water (2 × 10 mL), brine (10 mL), and dried over anhydrous Na2SO4. The Na2SO4
was filtered and the filtrate was concentrated to obtain N-(4-(Hydroxymethyl)phenyl)-2phenylacetamide 2-9 as a yellow solid (1.4 g, 5.9 mmol, 90%). 1H-NMR (CD3OD): δ 7.54−7.52
(m, 2H), 7.36−7.22 (m, 8H), 4.55 (s, 2H), 3.66 (s, 2H). The 1H-NMR data matches with
literature values.5
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Tetraallyl ((3R,4S,5R,6R)-6-((4'-(2''-phenylacetamido)carboxybenzoxymethyl)tetrahydro2H-pyran-2,3,4,5-tetrayl) tetracarbonate (2-10).
4-Nitrophenyl chloroformate (210 mg, 1.0 mmol, 1.0 equiv) was added to a solution of N-[4(hydroxymethyl)phenyl]-2-phenylacetamide 2-9 (245 mg, 1.0 mmol, 1 equiv) and DMAP (130
mg, 1.0 mmol, 1.0 equiv) in dry THF (3.5 mL). The resulting solution was stirred at 20 °C for 8
h. The resulting solution of was treated with a dry THF (6 mL) solution of 2-7 (480 mg, 0.93
mmol, 0.93 equiv) containing DMAP (130 mg, 1.0 mmol, 1.0 equiv). The resulting solution was
stirred at 20 °C for 24 h. The reaction mixture was diluted with EtOAc (15 mL). The resulting
solution was washed with saturated aqueous NH4Cl (10 mL). The aqueous layer was collected
and was extracted using EtOAc (2 × 15 mL). The combined organic layers were successively
washed with water (1 × 15 mL) and brine (1 × 15 mL), and dried over anhydrous Na2SO4. The
Na2SO4 was removed by filtration and the resulting solution was concentrated under reduced
pressure.

The resulting oil was purified using column chromatography (elution with 30%

EtOAc/hexanes)

to

obtain

tetraallyl

((3R,4S,5R,6R)-6-((4'-(2''-

phenylacetamido)carboxybenzoxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl)

tetracarbonate

2-10 (160 mg, 0.20 mmol, 22%). IR (cm-1) 2960, 1752, 1603, 1225; 1H-NMR (360 MHz, CDCl3,
anomeric pair): δ 7.44–7.29 (9H, m), 7.18 (1H, s), 6.28 (0.8 H, d, J = 3.5), 5.98–5.82 (4H, m),
5.62 (0.2 H, d, J = 8.3), 5.43–5.26 (8H, m), 5.25–5.23 (1H, m), 5.18–5.05 (2H, m), 5.03–4.98
(1H, m), 4.94–4.90 (1H, m), 4.65–4.57 (8H, m) 4.35–4.27 (2H, m), 4.25–4.19 (2 H, m), 3.74
(1H, s);
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C-NMR (90 MHz, CDCl3): δ 169.1, 154.6, 154.0, 153.7, 153.7, 152.9, 138.0, 134.3,

131.1, 131.0, 130.9, 130.8, 129.5, 129.4, 129.3, 127.8, 119.7, 119.3, 119.2, 119.0, 100.0, 92.2,
73.4, 72.5, 71.6, 69.7, 69.6, 69.3, 69.2, 69.0, 64.8, 44.9; MS (TOF MS ES+, m/z): 784.2 (M +
H+); HRMS (TOF MS ES+, m/z) Calculated for C38H42NO17 (M + H+): 784.2453; Found:
784.2469.
Tetraallyl ((3R,4S,5R,6R)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl)
tetracarbonate (2-4).
A suspension of 2-10 (100 mg, 0.13 mmol, 1 equiv), Pd(PPh3)4 (30 mg, 0.025 mmol, 0.20
equiv), and dimedone (140 mg, 1.0 mmol, 8.0 equiv) in dry MeOH (1.2 mL) was stirred at 50 °C
for 1 h. The reaction mixture was cooled to room temperature and concentrated. The resulting
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crude product was purified using column chromatography (elution with 20% MeOH/ethyl
aceate). The product obtained was further purified by preparatory HPLC to obtain tetraallyl
((3R,4S,5R,6R)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl) tetracarbonate 2-4 (35
mg, 0.078 mmol, 62%). IR (cm-1) 3297, 2956, 1741, 1660, 1606, 1215; 1H-NMR (360 MHz,
CD3OD, anomeric pair): δ 7.57 (2H, d, J = 8.4), 7.37–7.30 (6H, m), 7.27–7.25 (1H, m), 5.09
(2H, s), 5.07 (0.6H, d, J = 3.6), 5.09 (2H, s), 4.48–4.42 (1H, m), 4.39–4.38 (0.4H, m), 4.30–
4.22 (1H, m), 3.98–3.94 (1H, m), 3.68 (2H, s), 3.68–3.63 (0.4H, m), 3.50–3.45 (0.6H, m), 3.36–
3.27 (1H, m), 3.26–3.25 (0.4H, m), 3.15–3.10 (0.6H, m); 13C-NMR (90 MHz, CDCl3): δ 172.4,
156.7, 140.1, 136.8, 132.7, 130.1, 129.6, 128.0, 121.1, 98.2, 94.0, 77.89, 94.0, 77.9, 76.1, 75.2,
74.7, 73.7, 71.7, 71.5, 70.6, 70.2, 68.4, 68.3, 44.7; MS (TOF MS ES+, m/z): 448.2 (M + H+);
HRMS (TOF MS ES+, m/z) Calculated for C22H26NO9 (M + H+): 448.1608; Found: 448.1602.
Experimental procedure for first generation enzyme assays
Experimental procedure corresponding to Figure 2-3
A solution of β-galactosidase (100 μL, 10.6–37.0 U mL-1 in 10 mM phosphate buffer, pH 7.4)
was added to a solution of lactose 2-1 (100 μL, 20 mM in 10 mM phosphate buffer, pH 7.4). The
mixture was agitated using a vortex mixer for 2 s. The resulting mixture was incubated at 20 °C
for 2 h. The glucose concentration in the assay mixture was determined using a personal glucose
meter.
Experimental procedure corresponding to Figure 2-4
A solution of esterase (20 μL, 2–160 U mL-1 in 50 mM phosphate buffer, pH 8.0) was added to a
solution of ester 2-2 (20 μL, 100 mM in 0.1 M phosphate buffer, pH 8.0, 0.85% (v/v) Triton X100). The mixture was agitated using a vortex mixer for 2 s. The resulting mixture was incubated
at 40 °C for 1 h. The glucose concentration in the assay mixture was determined using a personal
glucose meter.
Experimental procedure corresponding to Figure 2-5
A solution of alkaline phosphatase (250 μL, 40–600 U L-1 in 0.1 M diethanolamine buffer, pH
7.4, 0.5 mM MgCl2) was added to a solution of glucose-6-phosphate 2-3 (25 μL, 220 mM in 0.1
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M diethanolamine buffer, pH 7.4, 0.5 mM MgCl2). The mixture was agitated using a vortex
mixer for 2 s. The resulting mixture was incubated at 37 °C for 1 h. The glucose concentration in
the assay mixture was determined using a personal glucose meter.
Experimental procedure corresponding to Figure 2-6
A solution of PGA (10 μL, 0.05–1.0 U mL-1 in 0.1 M phosphate buffer, pH 7.5) was added to a
solution of 2-4 (10 μL, 20 mM in 0.1 M phosphate buffer, pH 7.5, 1% (v/v) Tween 20). The
mixture was agitated using a vortex mixer for 2 s. The resulting mixture was incubated at 20 °C
for 1 h. The glucose concentration in the assay mixture was determined using a personal glucose
meter.
Experimental procedure for second generation enzyme assays
Experimental procedure corresponding to Figure 2-7
A solution of β-galactosidase (100 μL, 0–340 U mL-1 in 10 mM phosphate buffer, pH 7.4) was
added to a solution of lactose 2-1 (100 μL, 20 mM in 10 mM phosphate buffer, pH 7.4)
containing 62 μg D-glucose. The mixture was agitated using a vortex mixer for 2 s. The resulting
mixture was incubated at 20 °C for 15 min. The glucose concentration in the assay mixture was
determined using a personal glucose meter.
Experimental procedure corresponding to Figure 2-8
A solution of alkaline phosphatase (100 μL, 0–160 U L-1 in 0.1 M HEPES buffer, pH 8.0, 0.5
mM MgCl2) was added to a solution of glucose-6-phosphate 2-3 (10 μL, 220 mM in 0.1 M
HEPES buffer, pH 8.0, 0.5 mM MgCl2) containing 62 μg D-glucose. The mixture was agitated
using a vortex mixer for 2 s. The resulting mixture was incubated at 37 °C for 5 min. The
glucose concentration in the assay mixture was determined using a personal glucose meter.
Experimental procedure corresponding to Figure 2-9
A solution of PGA (10 μL, 0–1 U mL-1 in 0.1 M phosphate buffer, pH 7.5) was added to a
solution of 2-4 (10 μL, 20 mM in 0.1 M phosphate buffer, pH 7.5, 1% (v/v) Tween 20, 20 °C)
containing 7.2 μg D-glucose. The mixture was agitated using a vortex mixer for 2 s. The
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resulting mixture was incubated at 20 °C for 30 min. The glucose concentration in the assay
mixture was determined using a personal glucose meter.
Experimental procedure for the quantification of alkaline phosphatase in blood serum
Experimental procedure corresponding to Figure 2-10
A 90 μL aliquot of horse blood serum was spiked with a solution of alkaline phosphatase (10 μL,
0–1600 U L-1 in 0.1 M HEPES buffer, pH 8.0, 0.5 mM MgCl2). The resulting mixture was added
to a solution of glucose-6-phosphate 2-3 (10 μL, 220 mM in 0.1 M HEPES buffer, pH 8.0, 0.5
mM MgCl2). The mixture was agitated using a vortex mixer for 2 s. The resulting mixture was
incubated at 37 °C for 5 min. The glucose concentration in the assay mixture was determined
using a personal glucose meter.
Experimental procedure corresponding to Table 2-1
A 90 μL aliquot of a serum sample was spiked with a solution of alkaline phosphatase (10 μL,
200 U L-1 in 0.1 M HEPES buffer, pH 8.0, 0.5 mM MgCl2). The resulting mixture was added to a
solution of glucose-6-phosphate 2-3 (10 μL, 220 mM in 0.1 M HEPES buffer, pH 8.0, 0.5 mM
MgCl2). The mixture was agitated using a vortex mixer for 2 s. The resulting mixture was
incubated at 37 °C for 5 min. The glucose concentration in the assay mixture was determined
using a personal glucose meter. The serum samples used were commercial horse blood serum
spiked with various amounts of D-glucose. The negative control was identical to the assay except
buffer (10 μL, 220 mM in 0.1 M HEPES buffer, pH 8.0, 0.5 mM MgCl2) was used instead of the
solution of 2-3.
Experimental procedure for the evaluation of the stability of the detection reagent 2-4
Experimental procedure corresponding to Figure 2-11 and 2-12
A solution of PGA (100 μL, 1 U mL-1 (for Figure 2-11), or 0 U mL-1 (for Figure 2-12) in 0.1 M
phosphate buffer, pH 7.5) was added to a solution of 2-4 (100 μL, 20 mM in 0.1 M phosphate
buffer, pH 7.5, 1% (v/v) Tween 20). The mixture was agitated using a vortex mixer for 2 s. An
aliquot of the resulting mixture (20 μL) was diluted with 0.1 M phosphate buffer (60 μL, pH 7.5)
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and the resulting solution was injected into an analytical reversed-phase HPLC. Additional
aliquots were diluted and injected at regular intervals.
Experimental procedure corresponding to Figure 2-13
Aliquots of detection reagent 2-4 (~ 1 mg) in micro-centrifuge tubes were held at 40 °C open to
air. At intervals, the samples were dissolved in 1 mL of 10 mM phosphate buffer (pH 7.5, 0.5%
(v/v) Tween 20, 20 °C) and the resulting solution was injected into an analytical reversed-phase
HPLC.
Experimental procedure corresponding to Table 2-2
A freshly prepared sample of 2-4 was used to assay a solution PGA (10 μL, 0.06 U mL-1 in 0.1
M phosphate buffer, pH 7.5) using the standard assay procedure. An aliquot of 2-4 (~ 1 mg) in a
microcentrifuge tube was held at 40 °C open to air for 7 days. This old sample of 2-4 was used in
an assay for detecting PGA (10 μL, 0.06 U mL-1 in 0.1 M phosphate buffer, pH 7.5) using the
standard assay procedure. The concentrations of PGA in these assays were determined using the
calibration curve in Figure 2-9. All assays were performed in triplicate.
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6.3 Chapter 3: Experimental procedures and characterizations6
Synthetic procedures
Synthesis of detection reagent 3-1.

6-Bromovanillin (3-5).
Acetic anhydride (1.0 mL, 10 mmol, 1.5 equiv) was added to a stirred solution of vanillin 3-4
(1.0 g, 6.5 mmol, 1 equiv) in dry pyridine (4 mL) at 0 °C. The resulting solution was stirred at 20
°C for 16 h. The reaction mixture was diluted with water (100 mL). The suspension was
collected and was extracted using EtOAc (3 × 20 mL). The combined organic layers were
sequentially washed with 1 M HCl (2 × 10 mL), water (10 mL), brine (10 mL), and dried over
anhydrous Na2SO4. The Na2SO4 was filtered and the filtrate was concentrated to obtain vanillin
acetate as a white solid. Bromine (0.6 mL, 12 mmol, 1.2 equiv) was added to a vigorously stirred
suspension of vanillin acetate and KBr (3.9 g, 33 mmol, 3.3 equiv) in water (20 mL) at 0 °C. The
resulting suspension was stirred at 20 °C for 17 h. The reaction mixture was diluted with water
(20 mL). The suspension was collected and was extracted using EtOAc (3 × 25 mL). The
combined organic layers were sequentially washed with a 10% aqueous solution of Na2S2O3 (2 ×
20 mL), brine (10 mL), and dried over anhydrous Na2SO4. The Na2SO4 was filtered and the
filtrate was concentrated. The crude product was partially purified by passing it through a plug of
silica gel (elution with 5% ethyl aceate/hexane). The crude 6-bromvanillin acetate was treated
with 6 M HCl (30 mL) and the resulting suspension was stirred at 90 °C for 5 h. The reaction
mixture was cooled 0 °C, neutralized to a pH of 7 using aqueous NaOH solution (6 M), and the
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product was extracted with EtOAc (2  100 mL). The combined organic layers were washed
with brine (2 × 50 mL), and dried over anhydrous Na2SO4. The Na2SO4 was filtered and the
filtrate was concentrated. The resulting solid was purified using column chromatography (elution
with 40% EtOAc/hexanes) to obtain 6-bromovanillin 3-5 (0.92 g, 4.0 mmol, 63%) as a white
solid. 1H-NMR (CDCl3): δ 10.13 (s, 1H), 7.41 (s, 1H), 7.11 (s, 1H), 3.92 (s, 3H). The 1H-NMR
data matches with literature values.7
4-hydroxy-5-methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (3-6).
A round-bottom flask equipped with a stir bar was charged with 6-bromovanillin 3-5 (0.59 g, 2.6
mmol, 1 equiv), bis(pinacolato)diboron (0.78 g, 3.0 mmol, 1.2 equiv), PdCl2(dppf)·CH2Cl2 (0.10
mg, 0.13 mmol, 0.05 equiv), potassium acetate (0.75 g, 7.6 mmol, 3.0 equiv), and 1,4-dioxane
(10 mL). The resulting brown solution was stirred at 80 °C for 14 h. The reaction mixture was
cooled to room temperature and diluted with CH2Cl2 (15 mL). The resulting mixture was filtered
through a bed of celite and the filtrate was concentrated. The resulting residue was purified using
column chromatography (gradient elution with 20–40% EtOAc/hexanes) to obtain 4-hydroxy-5methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde 3-6 (0.59 mg, 2.1 mmol,
84%). IR (cm-1) 3199, 2978, 1664, 1596; 1H NMR (360 MHz, CDCl3): δ 10.52 (1H, s), 7.55 (1H,
s), 7.44 (1H, s), 3.95 (3H, s), 1.37 (12H, s); 13C NMR (90 MHz, CDCl3): δ 193.7, 150.3, 148.8,
135.6, 121.7, 114.6, 84.4, 56.1, 24.9; MS (Q MS ES+, m/z): 279.1 (M + H+).
S,S-diethyl 2-(4-hydroxy-5-methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)benzylidene)propanebis(thioate) (3-1).
4 Å Molecular sieves (~ 0.50 g) were added to a solution of 4-hydroxy-5-methoxy-2-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde 3-6 (0.48 g, 1.7 mmol, 1 equiv) and S,Sdithioethoxymalonate (0.37 g, 1.9 mmol, 1.1 equiv) in dry THF (9 mL). The resulting suspension
was stirred at 0 °C for 0.5 h. DABCO (0.43 g, 3.8 mmol, 2.2 equiv) was added to the reaction
mixture and the resulting suspension was stirred at room temperature for 12 h. The reaction
mixture was diluted with CH2Cl2 (10 mL). The resulting mixture was filtered through a bed of
celite and the filtrate was concentrated. The resulting residue was purified using column
chromatography (elution with 25% EtOAc/hexanes). The product obtained was further purified
by preparatory HPLC to obtain S,S-diethyl 2-(4-hydroxy-5-methoxy-2-(4,4,5,5-tetramethyl108

1,3,2-dioxaborolan-2-yl)benzylidene)propanebis(thioate) 3-1 (0.28 g, 0.62 mmol, 35 %).
IR (cm-1) 3422, 2976, 2932, 2874, 1654, 1564, 1509; 1H NMR (360 MHz, CDCl3): δ 8.59 (1H,
s), 7.42 (1H, s), 7.07 (1H, s), 5.79 (1H, s), 3.83 (3H, s), 3.01 (2H, q, J = 7.4 Hz), 2.95 (2H, q, J =
7.4), 1.37 (12H, s), 1.32 (3H, t, J = 7.4), 1.26 (3H, t, J = 7.4);
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C NMR (90 MHz, CDCl3): δ

195.3, 189.3, 148.2, 147.0, 142.0, 137.3, 131.5, 122.1, 111.8, 84.1, 55.9, 24.9, 24.2, 23.7, 14.8,
14.3; MS (Q MS ES+, m/z): 453.2 (M + H+); HRMS (TOF MS ES+, m/z) Calculated for
C21H30BO6S2 (M + H+): 453.1577; Found: 453.1566.

Experimental procedures to test the response of 3-4 to H2O2
Experimental procedure corresponding to Figure 3-4
An H2O2 solution (10 μL, 50 mM in water) was added to a solution of 3-1 (200 μL, 0.48 mM in
1:1 MeOH-10 mM phosphate buffer, pH 7.4). The mixture was agitated using a vortex mixer for
2 s. An aliquot of the resulting mixture was injected into an analytical reversed-phase HPLC
coupled to a mass spectrometer and additional aliquots were injected at regular intervals.
Experimental procedure corresponding to Figure 3-5
An H2O2 solution (2 mL, 22 μM in 10 mM phosphate buffer, pH 7.4) was added to a solution of
3-1 (20 μL, 2 mM in MeOH). The mixture was agitated using a vortex mixer for 2 s. The
fluorescence emission spectrum of the resulting mixture was obtained at regular intervals (λex =
470 nm).
Experimental procedure corresponding to Figure 3-6
An H2O2 solution (2 mL, 0–100 μM in 10 mM phosphate buffer, pH 7.4) was added to a solution
of 3-1 (20 μL, 2 mM in MeOH). The mixture was agitated using a vortex mixer for 2 s. The
fluorescence emission (I) of the resulting mixture was obtained after 10 min. (λex = 470 nm, λem
= 510 nm). The background subtracted fluorescence emission intensity (I – I0) was plotted
against the H2O2 concentration to obtain the dose response curve in Figure 3-6. (I = fluorescence
intensity of the assay after 10 min from the start of the assay; I0 = fluorescence intensity of an
assay containing 0 μM of H2O2 after 10 min from the start of the assay).
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Experimental procedures for the single-step enzyme assay for triaging of samples (by odor)
and quantifying enzyme concentrations (by fluorescence)
Experimental procedure corresponding to Figure 3-8a
A solution of β-D-galactosidase (1.8 mL, 0–500 nM in 10 mM phosphate buffer, pH 7.4) was
mixed with glucose oxidase (0.1 mL, 200 U mL-1 in 10 mM phosphate buffer, pH 7.4) and 3-1
(20 μL, 2 mM in MeOH). The resulting solution was treated with a solution of lactose 3-3a (0.1
mL, 0.2 M in 10 mM phosphate buffer, pH 7.4). The fluorescence emission of the resulting
solution was obtained after 1 h (λex = 470 nm, λem = 510 nm). The background subtracted
fluorescence emission intensity (I – I0) was plotted against the β-D-galactosidase concentration
to obtain the calibration curve in Figure 3-8a. (I = fluorescence intensity of the assay 1 h from
the start of the assay; I0 = fluorescence intensity of an assay containing 0 nM of β-Dgalactosidase 1 h from the start of the assay.)
Experimental procedure corresponding to Figure 3-8b
A solution of ALP (1.8 mL, 0–1000 U L-1 in 50 mM Tris buffer, pH 8.0) was mixed with glucose
oxidase (0.1 mL, 200 U mL-1 in 50 mM Tris buffer, pH 8.0) and 3-1 (20 μL, 2 mM in MeOH).
The resulting solution was treated with a solution of D-glucose-6-phosphate 3-3b (0.1 mL, 0.1 M
in 50 mM Tris buffer, pH 8.0). The fluorescence emission of the resulting solution was obtained
after 1 h (λex = 470 nm, λem = 510 nm). The background subtracted fluorescence emission
intensity (I – I0) was plotted against the ALP concentration to obtain the calibration curve. (I =
fluorescence intensity of the assay 1 h from the start of the assay; I0 = fluorescence intensity of
an assay containing 0 U L-1 of ALP 1 h from the start of the assay.)
General procedure for detection of β-D-galactosidase using a smell-based assay
A solution of β-D-galactosidase (0.9 mL, 0 or 200 nM in phosphate buffer, 10 mM, pH 7.4) was
mixed with glucose oxidase (50 μL, 200 U mL-1 in phosphate buffer, 10 mM, pH 7.4) and 3-1
(20 μL, 2 mM in MeOH) in a 1.6-ml microcentrifuge tube. A negative control containing no βD-galactosidase (just phosphate buffer, 10 mM, pH 7.4, 0.9 mL) was mixed with glucose oxidase
(50 μL, 200 U mL-1 in phosphate buffer, 10 mM, pH 7.4) and 3-1 (20 μL, 2 mM in MeOH) in a
separate 1.6-ml microcentrifuge tube. A solution of 3-3a (50 μL, 0.2 M in 10 mM phosphate
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buffer, pH 7.4) was added to each assay. After an assay time of 1 h, both the sample and the
control were given to other researchers (members of the Phillips research group) who were asked
if they can distinguish the sample from the control (which was given as a separate sample) by
smell alone. A “yes” response implies the sample assay had a stronger thiol smell than the
negative control. A “no” response implies the sample assay could not be distinguished from the
negative control.
General procedure for detection of ALP using a smell-based assay
A solution of ALP (0.9 mL, 0 or 100 U L-1 in Tris buffer, 50 mM, pH 8.0) was mixed with
glucose oxidase (50 μL, 200 U mL-1 in Tris buffer, 50 mM, pH 8.0) and 3-1 (20 μL, 2 mM in
MeOH) in a 1.6-ml microcentrifuge tube. A negative control containing no ALP (just Tris buffer,
50 mM, pH 8.0, 0.9 mL) was mixed with glucose oxidase (50 μL, 200 U mL-1 in Tris buffer, 50
mM, pH 8.0) and 3-1 (20 μL, 2 mM in MeOH) in a separate 1.6-ml microcentrifuge tube. A
solution of 3-3b (50 μL, 0.1 M in 10 mM phosphate buffer, pH 7.4) was added to each assay.
After an assay time of 1 h, both the sample and the control were given to other researchers
(members of the Phillips research group) who were asked if they can distinguish the sample from
the control (which was given as a separate sample) by smell alone. A “yes” response implies the
sample assay had a stronger thiol smell than the negative control. A “no” response implies the
sample assay could not be distinguished from the negative control.
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6.4 Chapter 4: Experimental procedures and characterizations
Synthetic procedure
Synthesis of amplification reagent 4-9

4-[[(1,1-dimethylethyl)diphenylsilyl]oxy]-2-hydroxybenzaldehyde (4-13).
TBDPSCl (4.8 mL, 19 mmol, 1.1 equiv) was added to a solution of 2,4-dihydroxybenzaldehyde
4-12 (2.4 g, 18 mmol, 1.0 equiv) and imidazole (1.4 g, 21 mmol, 1.2 equiv) in CH2Cl2 (88 mL) at
0 °C. The resulting mixture was stirred at 0 °C for 10 min and at 20 °C for 6 h. The reaction
mixture was concentrated and the residue was resuspended in EtOAc (50 mL). The resulting
mixture was washed with water (50 mL) and brine (2 × 50 mL). The organic layer was dried
over anhydrous Na2SO4. The Na2SO4 was filtered and the filtrate was concentrated. The crude
product was purified by flash column chromatography (elution with 2% EtOAc/hexanes) to
obtain 4-[[(1,1-dimethylethyl)diphenylsilyl]oxy]- 2-hydroxybenzaldehyde 4-13 (5.5 g, 14 mmol,
82%). 1H-NMR (360 MHz, CDCl3): δ 11.30 (1H, s), 9.48 (1H, s), 7.73–7.70 (4H, m), 7.38–7.28
(6H, m), 7.09 (1H, d, J = 7.1), 6.41 (1H, d, J = 1.9), 6.36 (1H, dd, J = 7.1, 1.9), 1.11 (9H, s); 13CNMR (75 MHz, CDCl3): δ 194.5, 163.9, 163.4, 135.4, 135.3, 131.7, 130.4, 128.1, 115.8, 112.9,
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107.8, 26.4, 19.5; MS (TOF MS APCI+, m/z): 377.0 (100, M+); HRMS (TOF MS ES+, m/z)
Calculated for C23H24O3Si (M + H+): 377.1573; Found: 377.1564.
5-((tert-butyldiphenylsilyl)oxy)-2-formylphenyl 2,4-dinitrobenzenesulfonate (4-14).
DIEA (0.63 mL, 3.6 mmol, 1.2 equiv) was added dropwise to a suspension of 4(tertbutyldiphenylsilyloxy)-2-hydroxybenzaldehyde 4-13 (1.1 g, 3.0 mmol, 1.0 equiv) and 2,4dinitrobenzenesulfonyl chloride (0.96 g, 3.6 mmol, 1.2 equiv) in CH2Cl2 (19 mL). The resulting
mixture was stirred at 20 °C for 4 h. The reaction mixture was diluted with brine (10 mL) and the
resulting mixture was extracted with CH2Cl2 (2 × 20 mL). The combined CH2Cl2 layers were
dried over anhydrous MgSO4. The MgSO4 was filtered and the filtrate was concentrated under
reduced pressure. The residue was purified by flash column chromatography (elution with 20%
EtOAc/hexanes)

to

obtain

5-((tertbutyldiphenylsilyl)oxy)-2-formylphenyl

2,4-

dinitrobenzenesulfonate 4-14 (1.4 g, 2.4 mmol, 79%). 1H-NMR (300 MHz, CDCl3): δ 10.02 (1H,
s), 8.47 (1H, d, J = 2.0), 8.09 (1H, dd, J = 8.7, 2.0 ), 7.86 (1H, d, J = 8.6), 7.78 (1H, d, J = 8.6),
7.60–7.49 (5H, m), 7.49–7.47 (1H, m), 7.47–7.38 (5H, m), 6.95 (1H, dd, J = 8.7, 2.0), 6.40 (1H,
d, J = 2.0), 1.05 (9H, s); 13C-NMR (75 MHz, CDCl3): δ 186.2, 161.9, 151.0, 150.7, 148.5, 135.2,
133.5, 133.3, 131.7, 131.1, 130.7, 128.3, 126.6, 122.9, 120.6, 120.4, 113.7, 26.1, 19.4; MS (TOF
MS APCI+, m/z): 607.1 (100, M + H+); HRMS (TOF MS ES+, m/z) Calculated for
C29H27N2O9SSi (M + H+): 607.1207; Found: 607.1207.
S-ethyl [bis(2,2,2-trifluoroethoxy)phosphoryl]ethanethioate (4-16).
Porcine liver esterase (77 mg, 150 U) was added to a stirred solution of ethyl [bis(2,2,2trifluoroethoxy)phosphinyl]acetate 4-15 (0.6 mL, 2.5 mmol) in 8:1 potassium phosphate buffer
(0.1 M, pH 7.8)-acetone (45 mL). The resulting suspension was stirred at 20 °C for 24 h. The
reaction mixture was acidified to pH 1 using concentrated HCl. NaCl (4 g) was then added and
the resulting suspension was stirred for 10 minutes. The reaction mixture was then filtered and
the filtrate was extracted with EtOAc (3 × 100 mL). The combined organic layers were dried
over anhydrous MgSO4. The MgSO4 was filtered and the filtrate was concentrated to obtain a
bis-(2,2,2-trifluoroethyl)phosphonoacetic acid as a brown solid (740 mg, 2.4 mmol, 96%). To a
solution of bis-(2,2,2-trifluoroethyl)phosphonoacetic acid (740 mg, 2.4 mmol, 1.0 equiv) and
DMAP (29 mg, 0.24 mmol, 0.1 equiv) in CH2Cl2 at 0 °C was added ethanethiol (0.90 mL, 12
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mmol, 5.0 equiv), followed by EDC hydrochloride (610 mg, 3.2 mmol, 1.3 equiv). The resulting
mixture was stirred at 0 °C for 45 min and at 20 °C for 45 min. The reaction mixture was
concentrated and the residue was redissolved in Et2O (20 mL). The resulting solution was
washed successively with 1 M aqueous HCl (2 × 15 mL), water (2 × 15 mL) and brine (2 × 15
mL). The organic layer was dried over anhydrous MgSO4. The MgSO4 was filtered and the
filtrate

was

concentrated

under

reduced

pressure

to

obtain

S-ethyl

[bis(2,2,2-

trifluoroethoxy)phosphoryl]ethanethioate 4-16 as a yellow oil (600 mg, 1.7 mmol, 71%).
1

HNMR (300 MHz, CDCl3): δ 4.48 (4H, quin, J = 8.1), 3.44 (2H, d, J = 21), 2.95 (2H, q, J =

7.4), 1.28 (3H, t, J = 7.4); 13C-NMR (75 MHz, CDCl3): δ 189.4, 128.0 (q), 124.3 (q), 120.6 (q),
116.9 (q), 63.1 (q), 62.6 (q), 62.1 (q), 61.6 (q), 42.8 (d), 41.0 (d), 24.2, 13.9; MS (TOF MS
APCI+, m/z): 348.9 (56, M + H+); HRMS (TOF MS ES+, m/z) Calculated for C8H12F6O4PS (M
+ H+): 349.0098; Found: 349.0092.
(Z)-S-ethyl 3-(4-((tert-butyldiphenylsilyl)oxy)-2-(((2,4dinitrophenyl)sulfonyl)oxy)phenyl)prop-2-enethioate (4-17)
A suspension of K2CO3 (96 mg, 0.69 mmol, 2.1 equiv) and 18-crown-6 (110 mg, 0.41 mmol, 1.2
equiv) in THF (6 mL) was stirred at 20 °C for 4 h. The suspension was then cooled to –20 °C. A
solution of 5-((tertbutyldiphenylsilyl)oxy)-2-formylphenyl 2,4-dinitrobenzenesulfonate 4-14
(200 mg, 0.33 mmol, 1.0 equiv) in THF (2 mL) was added to the cooled suspension. A solution
of S-ethyl [bis(2,2,2-trifluoroethoxy)phosphoryl]ethanethioate 4-16 (130 mg, 0.36 mmol, 1.1
equiv) in THF (1 mL) was added to the reaction mixture and the resulting solution was stirred at
–20 °C for 4 h. The reaction mixture was diluted with saturated aqueous NH4Cl (10 mL) and the
resulting mixture was extracted with EtOAc (3 × 20 mL). The combined organic layers were
sequentially washed with saturated aqueous NH4Cl (2 × 20 mL), brine (2 × 20 mL), and dried
over anhydrous MgSO4. The MgSO4 was filtered and the filtrate was concentrated under reduced
pressure. The residue was purified by flash column chromatography (gradient elution with 6%–
15% EtOAc-hexanes). The product was further purified by preparatory HPLC to obtain (Z)-Sethyl

3-(4-((tert-butyldiphenylsilyl)oxy)-2-(((2,4-dinitrophenyl)sulfonyl)oxy)phenyl)prop-2-

enethioate 4-17 (74 mg, 0.11 mmol, 32%) as a yellow foam. 1H-NMR (300 MHz, CDCl3): δ 8.43
(1H, d, J = 2.2), 8.02 (1H, dd, J = 8.6, 2.2), 7.66–7.57 (5H, m), 7.52–7.37 (8H, m), 6.69 (1H, d, J
= 12), 6.54 (1H, d, J = 2.4), 5.77 (1H, d, J = 12), 2.79 (2H, q, J = 7.4), 1.20 (4H, d, J = 7.4), 1.07
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(9H, s);
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C-NMR (75 MHz, CDCl3): δ 189.0, 157.9, 150.7, 148.4, 147.7, 135.4, 134.0, 133.4,

133.2, 132.5, 131.8, 130.5, 128.2, 126.3, 121.4, 120.1, 119.4, 114.1, 26.4, 23.8, 19.5, 14.5; MS
(TOF MS APCI+, m/z): 693.1 (60, M + H+); HRMS (TOF MS ES+, m/z) Calculated for
C33H33N2O9S2Si (M + H+): 693.1397; Found: 693.1389.
(Z)-S-ethyl 3-(2-(((2,4-dinitrophenyl)sulfonyl)oxy)-4-hydroxyphenyl)prop-2-enethioate
(4-9).
Acetic acid (1 M solution in THF, 80 μL, 80 μmol, 3.5 equiv) and TBAF (1 M solution in THF,
25 μL, 25 μmol, 1.1 equiv) were sequentially added to a solution of 4-17 (16 mg, 23 μmol, 1.0
equiv) in THF (150 μL). The resulting solution was stirred at 20 °C for 10 min. The reaction
mixture was diluted with CH2Cl2 (5 mL) and the resulting solution was filtered through a bed of
silica gel. The silica gel bed was washed with a 1:1 CH2Cl2-Acetone (50 mL) and the combined
filtrate was concentrated under reduced pressure. The residue was purified by flash column
chromatography (elution with 30% EtOAc/hexanes) to obtain (Z)-S-ethyl 3- (2-(((2,4dinitrophenyl)sulfonyl)oxy)-4-hydroxyphenyl)prop-2-enethioate 4-9 (7 mg, 15 μmol, 67%) as a
yellow solid. 1H-NMR (300 MHz, 2:1 CDCl3–d6-acetone): δ 9.13 (1H, br s), 8.70 (1H, d, J =
2.2), 8.42 (1H, dd, J = 8.7, 2.2), 8.02 (1H, d, J = 8.6), 7.58 (1H, d, J = 8.6), 6.85–6.83 (2H, m),
6.71 (1H, d, J = 12), 5.71 (1H, d, J = 12), 2.81 (2H, q, J = 7.5), 1.22 (3H, t, J = 7.5); 13C-NMR
(75 MHz, 2:1 CDCl3–d6-acetone): δ 188.2, 159.4, 150.8, 148.5, 147.7, 133.9, 133.2, 132.4,
126.4, 125.1, 120.0, 119.9, 119.1, 114.7, 110.0, 23.2, 13.9; MS (TOF MS APCI+, m/z): 455.0
(25, M + H+); HRMS (TOF MS ES+, m/z) Calculated for C17H15N2O9S2 (M + H+): 455.0219;
Found: 455.0221.
Synthesis of amplification reagent 4-10
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2-formyl-5-methoxyphenyl 2,4-dinitrobenzenesulfonate (4-19).
DIEA (0.4 mL, 2.3 mmol, 1.2 equiv) was added dropwise to a suspension of 4-methoxy-2hydroxybenzaldehyde 4-18 (300 mg, 2.0 mmol, 1.0 equiv) and 2,4-dinitrobenzenesulfonyl
chloride (590 mg, 2.2 mmol, 1.1 equiv) in CH2Cl2 (10 mL) at 0 °C. The resulting mixture was
stirred at 0 °C for 4 h and at 20 °C for 1 h. The reaction mixture was diluted with saturated
aqueous NH4Cl (10 mL) and the resulting mixture was extracted with CH2Cl2 (2 × 15 mL). The
combined CH2Cl2 layers were washed with brine (10 ml) and dried over anhydrous MgSO4. The
MgSO4 was filtered and the filtrate was concentrated under reduced pressure. The residue was
purified by flash column chromatography (elution with 30% EtOAc/hexanes) to obtain 2-formyl5-methoxyphenyl 2,4-dinitrobenzenesulfonate 4-19 (400 mg, 1.0 mmol, 52%) as a yellow
powder. 1H-NMR (300 MHz, CDCl3): δ 9.96 (1H, s), 8.70 (1H, d, J = 2.1), 8.58 (1H, dd, J = 8.6,
2.1), 8.34 (1H, d, J = 8.6), 7.87 (1H, d, J = 8.7), 7.00 (1H, dd, J = 8.7, 2.3), 6.87 (1H, d, J = 2.3),
3.91 (3H, s);

13

C-NMR (75 MHz, CDCl3): δ 186.4, 165.4, 151.2, 150.9, 149.1, 133.8, 133.6,

133.3, 126.9, 122.2, 120.7, 114.2, 109.4, 56.4; MS (TOF MS APCI+, m/z): 383.0 (100, M + H+);
HRMS (TOF MS ES+, m/z) Calculated for C14H11N2O9S (M + H+): 383.0185; Found: 383.0181.
(Z)-S-ethyl 3-(2-(((2,4-dinitrophenyl)sulfonyl)oxy)-4-methoxyphenyl)prop-2-enethioate
(4-10).
A suspension of K2CO3 (100 mg, 0.71 mmol, 2.1 equiv) and 18-crown-6 (110 mg, 0.42 mmol,
1.2 equiv) in THF (6 mL) was stirred at 20 °C for 4 h. The suspension was then cooled to –20
°C. 2-formyl-5-methoxyphenyl 2,4-dinitrobenzenesulfonate 4-19 (130 mg, 0.34 mmol, 1.0
equiv)

was

added

to

the

cooled

suspension.

A

solution

of

S-ethyl

[bis(2,2,2-

trifluoroethoxy)phosphoryl]ethanethioate 4-16 (130 mg, 0.36 mmol, 1.1 equiv) in THF (2.5 mL)
was added to the reaction mixture and the resulting solution was stirred at –20 °C for 4 h. The
reaction mixture was diluted with saturated aqueous NH4Cl (10 mL) and the resulting mixture
was extracted with EtOAc (3 × 30 mL). The combined organic layers were sequentially washed
with saturated aqueous NH4Cl (2 ×20 mL), brine (2 × 20 mL), and dried over anhydrous MgSO4.
The MgSO4 was filtered and the filtrate was concentrated under reduced pressure. The residue
was purified by flash column chromatography (elution with 10% EtOAc/hexanes). The product
was

further

purified

by

preparatory

HPLC
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to

obtain

(Z)-S-ethyl

3-(2-(((2,4-

dinitrophenyl)sulfonyl)oxy)-4-methoxyphenyl)prop-2-enethioate 4-10 (95 mg, 0.20 mmol, 60%)
as a yellow solid. 1H-NMR (300 MHz, CDCl3): δ 8.58 (1H, d, J = 2.2), 8.31 (1H, dd, J = 8.6,
2.2), 7.94 (1H, d, J = 8.6), 7.55 (1H, d, J = 8.7), 6.92 (1H, d, J = 2.5), 6.88 (1H, dd, J = 8.7, 2.5),
6.73 (1H, d, J = 12), 5.67 (1H, d, J = 12), 2.79 (2H, q, J = 7.4), 1.21 (3H, t, J = 7.4); 13C-NMR
(75 MHz, CDCl3): δ 188.8, 161.8, 151.1, 149.0, 148.0, 134.3, 133.8, 133.1, 132.7, 126.6, 126.0,
120.5, 120.1, 113.6, 109.1, 56.0, 23.9, 14.4; MS (TOF MS APCI+, m/z): 469.0 (100, M + H+);
HRMS (TOF MS ES+, m/z) Calculated for C18H17N2O9S2 (M + H+): 469.0375; Found:
469.0361.
Synthesis of amplification reagent 4-11

2-formyl-3,5-dimethoxyphenyl 2,4-dinitrobenzenesulfonate (4-24)
A solution 2,4-dinitrobenzenesulfonyl chloride (1.0 g, 3.9 mmol, 1.3 equiv) in CH2Cl2 (8 mL)
was added dropwise to a solution of 4,6-dimethoxy-2-hydroxybenzaldehyde 4-23 (550 mg, 3.0
mmol, 1.0 equiv) and DIEA (0.7 mL, 4.0 mmol, 1.3 equiv) in CH2Cl2 (8 mL) at 0 °C. The
resulting solution was stirred at 0 °C for 4 h and at 20 °C for 2 h. The reaction mixture was
diluted with saturated aqueous NH4Cl (10 mL) and the resulting mixture was extracted with
CH2Cl2 (2 × 15 mL). The combined CH2Cl2 layers were washed with brine (10 ml) and dried
over anhydrous MgSO4. The MgSO4 was filtered and the filtrate was concentrated under reduced
pressure. The residue was purified by flash column chromatography (elution with 30%
EtOAc/hexanes) to obtain 2-formyl-3,5-dimethoxyphenyl 2,4-dinitrobenzenesulfonate 4-24 (680
mg, 1.6 mmol, 55%) as a yellow powder. 1H-NMR (300 MHz, CD2Cl2): δ 10.11 (1H, s), 8.67
(1H, d, J = 2.1), 8.59 (1H, dd, J = 8.7, 2.2 ), 8.35 (1H, d, J = 8.7), 6.51 (1H, d, J = 2.0), 6.41 (1H,
d, J = 2.0), 3.91 (3H, s), 3.87 (3H, s); 13C-NMR (75 MHz, CD2Cl2): δ 186.0, 165.8, 164.8, 151.1,
149.4, 149.1, 135.2, 134.1, 127.1, 120.6, 112.0, 102.5, 98.0, 56.8, 56.6; MS (TOF MS APCI+,
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m/z): 412.9 (100, M + H+); HRMS (TOF MS ES+, m/z) Calculated for C15H13N2O10S (M + H+):
413.0291; Found: 413.0284.
(Z)-S-ethyl 3-(2-(((2,4-dinitrophenyl)sulfonyl)oxy)-4,6-dimethoxyphenyl)prop-2-enethioate
(4-11).
A solution of n-butyllithium in hexanes (2.5 M, 110 μL, 0.27 mmol, 1.1 equiv) was added to
1,1,1,3,3,3-hexafluoroisopropanol (31 μL, 0.29 mmol, 1.2 equiv) at –20 °C. A solution of S-ethyl
[bis(2,2,2-trifluoroethoxy)phosphoryl]ethanethioate 4-16 (89 mg, 0.25 mmol, 1.0 equiv) in THF
(0.5 mL) was added to the reaction mixture and the resulting solution was stirred at –20 °C for 5
min. A suspension of 4-24 (100 mg, 0.24 mmol, 1.0 equiv) in THF (2.0 mL) was added to the
reaction mixture in small portions (0.5 mL). The resulting mixture was stirred at –20 °C for 2 h
and warmed to 20 °C over 4 h. The reaction mixture was diluted with saturated aqueous NH4Cl
(10 mL) and the resulting mixture was extracted with EtOAc (3 × 15 mL). The combined organic
layers were washed with brine (10 ml) and dried over anhydrous MgSO4. The MgSO4 was
filtered and the filtrate was concentrated under reduced pressure. The residue was purified by
flash column chromatography (elution with 25% EtOAc/hexanes). The product was further
purified by preparatory HPLC to obtain (Z)-S-ethyl 3-(2-(((2,4-dinitrophenyl)sulfonyl)oxy)-4,6dimethoxyphenyl)prop-2-enethioate 4-11 (33 mg, 0.66 mmol, 28%) as a yellow solid. 1H-NMR
(300 MHz, CDCl3): δ 8.56 (1H, d, J = 2.2), 8.36 (1H, dd, J = 8.6, 2.2 ), 8.1 (1H, d, J = 8.6), 6.54
(1H, d, J = 2.3), 6.48 (1H, d, J = 12), 6.40 (1H, d, J = 2.3), 5.81 (1H, d, J = 12), 3.84 (3H, s),
3.71 (3H, s), 2.75 (2H, q, J = 7.4), 1.18 (3H, t, J = 7.4);

13

C-NMR (75 MHz, CDCl3): δ 188.9,

161.5, 158.4, 150.8, 148.8, 147.8, 134.2, 133.8, 128.8, 128.5, 126.8, 120.0, 112.0, 100.4, 98.2,
55.9, 55.8, 23.5, 14.8; MS (TOF MS APCI+, m/z): 498.9 (55, M + H+); HRMS (TOF MS ES+,
m/z) Calculated for C19H19N2O10S2 (M + H+): 499.0481; Found: 499.0475.
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Experimental procedures for the preliminary assay to demonstrate the signal amplification
reactions using 4-9–4-11.
Experimental procedure corresponding to Figure 4-7
An L-cysteine solution (300 μL, 0 or 400 μM in 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA)
was added to a solution of the amplification reagent (4-9, 4-10, or 4-11) (300 μL, 4 mM in
CH3CN). The mixture was agitated using a vortex mixer for 2 s. At regular intervals, an aliquot
(20 μL) of the assay mixture was diluted with 1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA (2 mL). The fluorescence emission intensity of the resulting mixture was obtained (λex =
325 nm, λem = 430 nm). The fluorescent intensity was recorded as % of maximum fluorescence
intensity obtained for the assay mixture containing 200 μM L-cysteine.
Experimental procedure corresponding to Figure 4-10
An L-cysteine solution (150 μL, 400 μM in 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA) was
added to a solution of the amplification reagent 4-11 (150 μL, 4 mM in CH3CN). The mixture
was agitated using a vortex mixer for 2 s. At regular intervals, an aliquot (2 μL) of the reaction
mixture was injected into an analytical reversed-phase HPLC coupled to a mass spectrometer.

Experimental procedure to demonstrate dose-dependent signal amplification using

4-11

(Experimental procedure corresponding to Figure 4-11)
An ethanethiol solution (200 μL, 0–4 mM in 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA) was
added to a solution of the amplification reagent 4-11 (200 μL, 4 mM in CH3CN). The mixture
was agitated using a vortex mixer for 2 s. At regular intervals, an aliquot (20 μL) of the assay
mixture was diluted with 1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM EDTA (2 mL). The
fluorescence emission intensity of the resulting mixture was obtained (λex = 325 nm, λem = 430
nm). The fluorescent intensity was recorded as % of maximum fluorescence intensity obtained
for the assay.
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Experimental procedure to probe the effect of additives on the signal amplification reaction
using 4-11 (Experimental procedure corresponding to Figure 4-12 and 4-13)
An ethanethiol solution (200 μL, 0.04 mM in 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA) was
added to a solution (200 μL) containing 4-11 (4 mM in CH3CN) and the additives 4-22 (or 4-25)
(0 or 2 mM in CH3CN). The mixture was agitated using a vortex mixer for 2 s. At regular
intervals, an aliquot (20 μL) of the assay mixture was diluted with 1:1 CH3CN-0.1 M HEPES
buffer, pH 7.4, 1 mM EDTA (2 mL). The background subtracted fluorescence emission intensity
(I – I0) of the resulting mixture was obtained (λex = 325 nm, λem = 430 nm). The fluorescent
intensity was recorded as % of maximum background subtracted fluorescence intensity obtained
for the assay. (I = fluorescence intensity of the assay; I0 = fluorescence intensity of the assay
measured at the start of the assay).
Experimental procedure to probe the effect of the structure of the thiol used to initiate the
signal amplification reaction containing 4-11 (Experimental procedure corresponding to
Figure 4-14)
For water soluble thiols (L-cysteine, N-acetyl-L-cysteine, 2-mercaptoethanol, tiopronin,
penicillamine): A thiol solution (200 μL, 1.2 mM in 0.1 M HEPES buffer, pH 7.4, 1 mM EDTA)
was added to a solution of the amplification reagent 4-11 (200 μL, 4 mM in CH3CN). The
mixture was agitated using a vortex mixer for 2 s. For water insoluble thiols (thiophenol, 4methoxythiophenol, 4-nitrothiophenol, 3-mercaptohexanol, 2-methyl-2-propanethiol): A thiol
solution (100 μL, 2.4 mM in CH3CN) was added to a mixture of the amplification reagent 4-11
(100 μL, 8 mM in CH3CN) and 0.1 M HEPES buffer (200 μL, pH 7.4, 1 mM EDTA). The
resulting mixture was agitated using a vortex mixer for 2 s. At regular intervals, an aliquot (20
μL) of the assay mixture was diluted with 1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA (2 mL). The fluorescence emission intensity of the resulting mixture was obtained (λex =
325 nm, λem = 430 nm). The fluorescent intensity was recorded as % of maximum fluorescence
intensity obtained for the assay. The fluorescence intensity data were fitted with regression
curves using regression function of SigmaPlot. For ease of analysis, the general equation of the
regression curves were y = a × (1 – e–bt) + c × (1 – e–dt) (for the thiols L-cysteine, N-acetyl-Lcysteine, 2-mercaptoethanol, tiopronin, thiophenol, 4-methoxythiophenol, 4-nitrothiophenol, 3120

mercaptohexanol,), and y = a × (1 – e–bt)c (for 2-methyl-2-propanethiol, and penicillamine);
where y = “% of maximum signal”, t = time, and a–d were parameters calculated by SigmaPlot.
The time for the signal to reach 50% of maximum (= T50) was determined using the regression
curves (i.e., y = 50% when t = T50).

6.5 Chapter 5: Experimental procedures and characterizations8
Synthetic procedure
Synthesis of amplification reagent 5-1

2-Methoxy-4-(hydroxymethyl)-3-methoxybenzoate (5-6).
A suspension of methyl-(4-bromomethyl)-3-methoxybenzoate 5-5 (5.5 g, 21 mmol, 1 equiv) and
CaCO3 (110 mg, 0.42 mmol, 4.4 equiv) in 1:1 1,6-dioxane-H2O (200 mL) was stirred at 100 °C
for 2 h. The reaction mixture was cooled to 20 °C and neutralized to a pH 7 using 1 M HCl and
the resulting mixture was extracted with CH2Cl2 (4 × 50 mL). The combined CH2Cl2 layers were
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washed with brine (100 ml) and dried over anhydrous MgSO4. The MgSO4 was filtered and the
filtrate was concentrated under reduced pressure. The residue was purified by flash column
chromatography (elution with 30% EtOAc/hexanes) to obtain 2-Methoxy-4-(hydroxymethyl)-3methoxybenzoate 5-6 (3.7 g, 19 mmol, 89%) as a white solid. 1H-NMR (400 MHz, CDCl3): δ
7.58 (1H, d, J = 7.6), 7.38 (1H, s), 7.34 (1H, d, J = 7.6), 4.67 (2H, s), 3.89 (3H, s), 3.83 (3H, s),
3.4 (1H, s); 13C-NMR (100 MHz, CDCl3): δ 52.4, 55.2, 60.4, 110.4, 122.0, 127.3, 130.0, 134.6,
156.5, 167.0. The NMR data matches with literature values.9

2-Methoxy-4-(methoxycarbonyl)benzyl piperidine-1-carboxylate (5-7).
2-Methoxy-4-(hydroxymethyl)-3-methoxybenzoate 5-6 (3.7 g, 19 mmol, 1 equiv) was dissolved
in dry CH2Cl2 (100 mL) and the solution was cooled to 0 °C. Carbonyldiimidazole (3.75 g, 23.1
mmol, 1.2 equiv) was added slowly to the stirring solution, and, after 5 min at 0 °C, the reaction
mixture was warmed to room temperature. The reaction mixture was stirred at room temperature
for 45 min, after which piperidine (2.3 mL, 23 mmol, 1.2 equiv) was added. The solution was
stirred at room temperature for 3 h, and then was diluted with CH2Cl2 (100 mL). The resulting
solution was washed with aqueous hydrochloric acid (0.01 M, 100 mL). The aqueous layer was
separated and was successively extracted using CH2Cl2 (2 × 100 mL). The combined organic
layers were washed with water (1 × 100 mL), brine (2 × 100 mL), and dried over anhydrous
Na2SO4. The Na2SO4 was removed by filtration and the resulting solution was concentrated
under reduced pressure. The resulting white solid was purified using column chromatography
(elution with 30% EtOAc/hexanes) to obtain 2-methoxy-4-(methoxycarbonyl)benzyl piperidine1-carboxylate 5-7 (5.19 g, 16.9 mmol, 90%). IR (cm-1) 2936, 2854, 1695; 1H-NMR (400 MHz,
CDCl3): δ 7.64 (1H, d, J = 7.8), 7.52 (1H, s), 7.36 (1H, d, J = 7.8), 5.21 (2H, s), 3.91 (3H, s),
3.89 (3H, s), 3.48–3.46 (4H, m), 1.60–1.54 (6H, m); 13C-NMR (100 MHz, CDCl3): δ 24.4, 25.7,
44.9, 52.2, 55.6, 61.9, 110.9, 121.9, 127.7, 130.6, 131.0, 155.2, 156.7, 166.9; MS (TOF MS ES+,
m/z): 330.3 (11, M + Na+), 179.0 (100, M − C6H11O2N); HRMS (TOF MS ES+, m/z) Calculated
for C16H22NO5 (M + H+): 308.1498; Found: 308.1494.
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3-Methoxy-4-{[(piperidin-1-ylcarbonyl)oxy]methyl}benzoic acid (5-8).
2-Methoxy-4-(methoxycarbonyl)benzyl piperidine-1-carboxylate 5-7 (4.42 g, 14.4 mmol, 1
equiv) was dissolved in 68 mL of THF and 27 mL of methanol. Lithium hydroxide monohydrate
(0.84 g, 20 mmol, 1.4 equiv) dissolved in 27 mL of water was added to the THF−MeOH
solution. The resulting solution was stirred for 10 h at room temperature. The solution was
acidified by slow addition of aqueous hydrochloric acid (1 M, 25 mL), and was extracted using
EtOAc (5 × 100 mL). The combined organic layers were washed with brine (1 × 100 mL) and
dried over anhydrous Na2SO4. The Na2SO4 was removed by filtration and the resulting solution
was

concentrated

under

reduced

pressure

to

obtain

3-methoxy-4-{[(piperidin-1-

ylcarbonyl)oxy]methyl}benzoic acid 5-8 (3.88 g, 13.2 mmol, 92%). IR (cm-1) 2937, 2859, 2822,
2668, 1684; 1H-NMR (400 MHz, CDCl3): δ 12.24 (1H, br s), 7.73 (1H, d, J = 7.8), 7.58 (1H, s),
7.41 (1H, d, J = 7.8), 5.25 (2H, s), 3.90 (3H, s), 3.51–3.49 (4H, m), 1.59–1.57 (6H, m);
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C-

NMR (100 MHz, CDCl3): δ 24.3, 25.7, 45.0, 55.5, 62.1, 111.2, 122.6, 127.7, 130.0, 131.6, 155.4,
156.7, 171.1; MS (TOF MS ES−, m/z): 292.2 (100, M − H+); HRMS (TOF MS ES−, m/z)
Calculated for C15H18NO5 (M − H+): 292.1185; Found: 292.1201.
4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-2-methoxybenzyl piperidine-1-carboxylate
(5-1).
3-Methoxy-4-{[(piperidin-1-ylcarbonyl)oxy]methyl}benzoic acid 5-8 (3.6 g, 12 mmol, 1 equiv)
dissolved in 100 mL of dry CH2Cl2 was cooled to 0 °C with stirring. DIEA (4.8 mL, 27 mmol,
2.2 equiv) was added to this cooled solution, followed by drop-wise addition of ethyl
chloroformate (2.6 mL, 27 mmol, 2.2 equiv). The reaction mixture was stirred at 0 °C for 1 h,
after which the solution was warmed to room temperature and concentrated under reduced
pressure. The residue was dissolved in acetone (50 mL), and the resulting solution was cooled to
0 °C. A solution of sodium azide (4.0 g, 62 mmol, 5.0 equiv) in cold water (50 mL) (~10 °C) was
added drop-wise to the acetone solution. The resulting suspension was stirred vigorously at 0 °C
for 1 h. The solution was diluted with EtOAc (100 mL) and the aqueous layer was separated. The
aqueous layer was extracted using EtOAc (3 × 100 mL), and the organic layers were combined.
These organic extracts were washed with brine (1 × 50 mL) and dried over anhydrous Na2SO4.
The Na2SO4 was removed by filtration, and the resulting solution was concentrated under
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reduced pressure to provide a yellow gelatinous residue. The residue was dissolved in dry
toluene (50 mL) and the resulting solution was heated to 100 °C for 1 h. The hot solution was
cooled to room temperature, after which 9-fluorenemethanol (870 mg, 14.9 mmol, 1.2 equiv)
was added. The solution was heated to reflux (112 °C) for 10 h, after which the solution was
cooled to room temperature and the solvent was removed under reduced pressure with gentle
heating (40 °C). The residue was purified by column chromatography (gradient elution with 20–
30%

EtOAc/hexanes)

to

obtain

4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-2-

methoxybenzyl piperidine-1-carboxylate 5-1 (4.7 g, 9.7 mmol, 78%). IR (cm-1) 2856, 2838,
1725, 1673, 1615; 1HNMR (400 MHz, CDCl3): δ 7.76 (2H, d, J = 7.4), 7.60 (2H, d, J = 7.4),
7.39 (2H, t, J = 7.4), 7.30 (2H, t, J = 7.4), 7.24 (1H, s,), 7.21 (1H, d, J = 8.0), 7.07 (1H, s), 6.77
(1H, d, J = 8.0), 5.12 (1H, s), 4.50 (2H, d, J = 6.8), 4.25 (1H, t, J = 6.8), 3.78 ( 3H, s), 3.42 (4H,
m), 1.55 (2H, m), 1.50 (4H, m);
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C-NMR (100 MHz, CDCl3): δ 24.5, 25.8, 44.9, 47.2, 55.5,

62.2, 66.9, 101.7, 110.2, 120.1, 120.4, 125.1, 127.2, 127.9, 129.9, 139.1, 141.4, 143.8, 153.5,
155.7, 158.1; MS (TOF MS ES+, m/z): 509.1 (2, M + Na+), 358.1 (100, M − C6H11O2N); HRMS
(TOF MS ES+, m/z) Calculated for C29H34N3O5 (M + NH4+): 504.2498; Found: 504.2509.
Synthesis of amplification reagent 5-2 (performed by Kyle Schmid)
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4-(methoxycarbonyl)benzyl piperidine-1-carboxylate (5-10).
Methyl 4-(hydroxymethyl)benzoate 5-9 (0.66 g, 4 mmol, 1 equiv) was dissolved in dry CH2Cl2
(20 mL) and the solution was cooled to 0 °C. Carbonyldiimidazole (0.78 g, 4.8 mmol, 1.2 equiv)
was added slowly to the stirring solution, and, after 5 min at 0 °C, the reaction mixture was
warmed to room temperature. The reaction mixture was stirred at room temperature for 45 min,
after which piperidine (0.47 mL, 4.8 mmol, 1.2 equiv) was added. The solution was stirred at
room temperature for 12 h, and then was diluted with CH2Cl2 (20 mL). The resulting solution
was washed with aqueous hydrochloric acid (0.01 M, 20 mL). The aqueous layer was separated
and was successively extracted using CH2Cl2 (2 × 20 mL). The combined organic layers were
washed with water (1 × 20 mL), brine (2 × 20 mL), and dried over anhydrous sodium sulfate.
The sodium sulfate was removed by filtration and the resulting solution was concentrated under
reduced pressure. The resulting white solid was purified using column chromatography (elution
with 30% EtOAc/hexanes) to obtain 4-(methoxycarbonyl)benzyl piperidine-1- carboxylate 5-10
(1.0 g, 3.6 mmol, 91%). IR (cm-1) 2940, 2856, 1723, 1701; 1H-NMR (300 MHz, CDCl3): δ 8.00
(2H, d, J = 8.2), 7.37 (2H, d, J = 8.2), 5.14 (2H, s), 3.87 (3H, s), 3.44–3.40 (4H, m), 1.56–1.50
(6H, m); 13C-NMR (100 MHz, CDCl3): δ 24.2, 25.6, 44.8, 52.0, 66.0, 127.2, 129.5, 129.7, 142.2,
154.9, 166.7; MS (TOF MS ES+, m/z): 278.1 (15, M + H+), 149.0 (100, M − C6H11O2N); HRMS
(TOF MS ES+, m/z) Calculated for C15H20NO4 (M + H+): 278.1392; Found: 278.1391.
4-{[(piperidin-1-ylcarbonyl)oxy]methyl}benzoic acid (5-11).
4-(methoxycarbonyl)benzyl piperidine-1-carboxylate 5-10 (0.95 g, 3.4 mmol, 1 equiv) was
dissolved in 18 mL of THF and 6 mL of methanol. Lithium hydroxide monohydrate (0.20 g, 4.8
mmol, 1.4 equiv) dissolved in 6 mL of water was added to the THF−MeOH solution. The
resulting solution was stirred for 10 h at room temperature. The solution was acidified to a pH of
2 by slow addition of aqueous hydrochloric acid (1 M), and was extracted using EtOAc (5 × 25
mL). The combined organic layers were washed with brine (1 × 50 mL) and dried over
anhydrous sodium sulfate. The sodium sulfate was removed by filtration and the resulting
solution

was

concentrated

under

reduced

pressure

to

obtain

4-{[(piperidin-1-

ylcarbonyl)oxy]methyl}benzoic acid 5-11, which was used without further purification.
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4-(((9H-fluoren-9-yl)methoxy)carbonylamino)benzyl piperidine-1-carboxylate (5-2)
4-{[(piperidin-1-ylcarbonyl)oxy]methyl}benzoic acid 5-11 (0.97 g, 3.7 mmol, 1 equiv) dissolved
in 25 mL of dry CH2Cl2 and 1 mL of DMF was cooled to 0 °C with stirring. Oxalyl chloride
(0.39 mL, 4.4 mmol, 1.2 equiv) was added to this cooled solution and the reaction mixture was
stirred at 0 °C for 1 h, after which the solution was warmed to room temperature and
concentrated under reduced pressure. The residue was dissolved in acetone (15 mL), and the
resulting solution was cooled to 0 °C. A solution of sodium azide (0.72 g, 11.1 mmol, 3 equiv) in
cold water (15 mL) (~10 °C) was added drop-wise to the acetone solution. The resulting
suspension was stirred vigorously at 0 °C for 1 h. The solution was diluted with EtOAc (50 mL)
and the aqueous layer was separated. The aqueous layer was extracted using EtOAc (3 × 30 mL),
and the organic layers were combined. These organic extracts were washed with brine (1 × 50
mL) and dried over anhydrous sodium sulfate. The sodium sulfate was removed by filtration, and
the resulting solution was concentrated under reduced pressure to provide a yellow gelatinous
residue. The residue was dissolved in dry toluene (15 mL) and the resulting solution was heated
to 100 °C for 1 h. The hot solution was cooled to room temperature, after which 9fluorenemethanol (870 mg, 4.4 mmol, 1.3 equiv) was added. The solution was heated to reflux
(112 °C) for 10 h, after which the solution was cooled to room temperature and the solvent was
removed under reduced pressure. The residue was purified by column chromatography (gradient
elution with 20–30% EtOAc/hexanes, then pure THF as eluent) to obtain 4-(((9H-fluoren-9yl)methoxy)carbonylamino)benzyl piperidine-1-carboxylate 5-2 (1.03 g, 92.2 mmol, 61%). IR
(cm-1) 3292, 2937, 2855, 1732, 1676; 1H-NMR (360 MHz, CDCl3): 7.77 (2H, d, J = 7.5), 7.61
(2H, d, J = 7.5), 7.42–7.27 (8H, m), 6.72 (1H, s), 5.04 (1H, s), 4.54 (2H, d, J = 6.6), 4.27 (1H, t, J
= 6.6), 3.42 (4H, m), 1.55 (6H, m); 13C-NMR (100 MHz, CDCl3): δ 24.3, 25.7, 44.8, 47.1, 66.5,
66.8, 118.6, 120.0, 124.9, 127.1, 127.8, 128.9, 137.4, 141.3, 143.7, 155.3; MS (TOF MS ES+,
m/z): 474.2 (40, M + NH4+), 328.1 (100, M − C6H11O2N); HRMS (TOF MS ES+, m/z)
Calculated for C28H32N3O5 (M + NH4+): 474.2393; Found: 474.2386.
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Synthesis of amplification reagent 5-3

(4-bromo-1,3-phenylene)bis(methylene) dipiperidine-1-carboxylate (5-13).
(4-bromo-1,3-phenylene)dimethanol10 5-12 (1.66 g, 7.7 mmol, 1 equiv) was dissolved in dry
THF (40 mL) and the solution was cooled to 0 °C. Carbonyldiimidazole (3.24 g, 20 mmol, 2.6
equiv) was added slowly to the stirring solution, and, after 15 min at 0 °C, the reaction mixture
was warmed to room temperature. The reaction mixture was stirred at room temperature for 3
hours, after which piperidine (4.56 mL, 46 mmol, 6.0 equiv) was added. The solution was stirred
at room temperature for 14 h, and then was diluted with EtOAc (40 mL). The resulting solution
was successively washed with aqueous NH4Cl (40 mL), aqueous hydrochloric acid (0.1 M, 2 ×
20 mL) and brine. The combined organic layer was dried over anhydrous Na2SO4. The Na2SO4
was removed by filtration and the resulting solution was concentrated under reduced pressure.
The resulting white solid was purified using column chromatography (gradient elution with 20 –
60%

EtOAc/hexanes)

to

obtain

(4-bromo-1,3-phenylene)bis(methylene)

dipiperidine-1-

carboxylate 5-13 (2.85 g, 6.5 mmol, 84 %). IR (cm-1) 2936, 2855, 1699; 1H-NMR (400 MHz,
CDCl3): δ 7.53 (1H, d, J = 8.1), 7.38 (1H, s), 7.17 (1H, d, J = 8.1), 5.19 (2H, s), 5.08 (2H, s),
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3.47–3.42 (8H, m), 1.59–1.54 (12H, m); 13C-NMR (100 MHz, CDCl3): δ 24.2, 24.2, 25.5, 44.7,
44.8, 65.9, 66.1, 122.2, 128.5, 132.6, 136.3, 136.5, 154.7, 154.8; MS (TOF MS ES+, m/z): 439.1
(100, M + H+); HRMS (TOF MS ES+, m/z) Calculated for C20H28N2O4Br (M + H+): 439.1232;
Found: 439.1232.
(4-(methoxycarbonyl)-1,3-phenylene)bis(methylene) dipiperidine-1-carboxylate (5-14).
An oven-dried 100-mL flask equipped with a stir bar was charged with (4-bromo-1,3phenylene)bis(methylene)dipiperidine-1-carboxylate 5-13 (0.94 g, 2.1 mmol, 1equiv), Pd(OAc)2
(38 mg, 0.17 mmol, 0.08 equiv), dppp (141 mg, 0.34 mmol, 0.16 equiv), triethylamine (0.45 mL,
3.2 mmol, 1.5 equiv), and methanol (4.5 mL). The resulting brown solution was stirred at room
temperature and CO gas was bubbled through it for 10 minutes. The reaction mixture was then
stirred at 80 °C under an atmosphere of CO for 72 hours. The reaction mixture was cooled to
room temperature and diluted with CH2Cl2. The reaction mixture was filtered through a bed of
celite and the filtrate was concentrated under reduced pressure. The residue obtained was
purified using column chromatography (gradient elution with 20 – 40% EtOAc/hexanes) to
obtain (4-(methoxycarbonyl)-1,3-phenylene)bis(methylene) dipiperidine-1-carboxylate 5-14
(325 mg, 0.78 mmol, 37 %). IR (cm-1) 2937, 2855, 1700, 1684; 1H-NMR (400 MHz, CDCl3): δ
7.95 (1H, d, J = 8), 7.38 (1H, s), 7.34 (1H, d, J = 8), 5.52 (2H, s), 5.17 (2H, s), 3.89 (3H, s), 3.46
(8H, m), 1.59–1.55 (12H, m); 13C-NMR (100 MHz, CDCl3): δ 24.4, 24.5, 25.7, 30.2, 45.0, 52.3,
65.3, 66.3, 105.7, 126.3, 126.7, 128.1, 131.2, 139.4, 141.6, 155.2, 167.3; MS (TOF MS ES+,
m/z): 419.2 (90, M + H+), 290.1 (100, M − C6H11O2N); HRMS (TOF MS ES+, m/z) Calculated
for C22H31N2O6 (M + H+): 419.2182; Found: 419.2178.
2,4-bis((piperidine-1-carbonyloxy)methyl)benzoic acid (5-15)
(4-(methoxycarbonyl)-1,3-phenylene)bis(methylene) dipiperidine-1-carboxylate 5-14 (60 mg,
0.14 mmol, 1 equiv) was dissolved in 0.5 mL of THF and 0.5 mL of methanol. Lithium
hydroxide monohydrate (6.5 mg, 0.15 mmol, 1.1 equiv) dissolved in 0.2 mL of water was added
to the THF−MeOH solution. The resulting solution was stirred for 12 h at room temperature. An
additional amount of lithium hydroxide monohydrate (6.6 mg, 0.16 mmol, 1.1 equiv) dissolved
in 0.4 mL of water was added to the reaction mixture and the reaction mixture was stirred at
room temperature for another 10 hours. The solution was then acidified to a pH of 2 by slow
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addition of aqueous hydrochloric acid (0.3 mL, 1 M), and was extracted using EtOAc (5 × 5
mL). The combined organic layers were washed with brine (2 × 5 mL) and dried over anhydrous
sodium sulfate. The sodium sulfate was removed by filtration and the resulting solution was
concentrated

under

reduced

pressure

to

obtain

2,4-bis((piperidine-1-

carbonyloxy)methyl)benzoic acid 5-15, which was used without further purification.
(4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-1,3-phenylene)bis(methylene) dipiperidine1-carboxylate (5-3).
2,4-bis((piperidine-1-carbonyloxy)methyl)benzoic acid 5-15 (56 mg, 0.14 mmol, 1 equiv),
dissolved in 1 mL of dry CH2Cl2 and 10 μL DMF, was cooled to 0 °C with stirring. Oxalyl
chloride (36 μL, 0.43 mmol, 3.0 equiv) was added to this cooled solution and the reaction
mixture was stirred at 0 °C for 1 h, after which the solution was warmed to room temperature
and concentrated under reduced pressure. The residue was dissolved in acetone (0.5 mL), and the
resulting solution was cooled to 0 °C. A solution of sodium azide (46 mg, 0.72 mmol, 5 equiv) in
cold water (0.5 mL) (~10 °C) was added drop-wise to the acetone solution. The resulting
suspension was stirred vigorously at 0 °C for 1 h. The solution was diluted with EtOAc (8 mL)
and the aqueous layer was separated. The aqueous layer was extracted using EtOAc (3 × 5 mL),
and the organic layers were combined. These organic extracts were washed with brine (2 × 5
mL) and dried over anhydrous Na2SO4. The Na2SO4 was removed by filtration, and the resulting
solution was concentrated under reduced pressure to provide a yellow gelatinous residue. The
residue was dissolved in dry toluene (1 mL) and the resulting solution was heated to 100 °C for 1
h. The hot solution was cooled to room temperature, after which 9-fluorenemethanol (28 mg,
0.14 mmol, 1 equiv) was added. The solution was heated to reflux (112 °C) for 5 h, after which
the solution was cooled to roomtemperature and the solvent was removed under reduced
pressure. The residue was purified by column chromatography (gradient elution with 20–30%
EtOAc/hexanes)

to

obtain

(4-(((9H-fluoren-9-

yl)methoxy)carbonylamino)-1,3-

phenylene)bis(methylene) dipiperidine-1-carboxylate 5-3 (47 mg, 0.08 mmol, 56 %). IR (cm-1)
3256, 2937, 2855, 1734, 1697, 1672, 1605; 1H-NMR (360 MHz, CDCl3): 7.77 (2H, d, J = 7.5),
7.61 (2H, d, J = 7.5), 7.42–7.27 (8H, m), 6.72 (1H, s), 5.04 (1H, s), 4.54 (2H, d, J = 6.6), 4.27
(1H, t, J = 6.6), 3.42 (4H, m), 1.55 (6H, m);
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C-NMR (100 MHz, CDCl3): δ 24.3, 25.7, 44.8,

47.1, 66.5, 66.8, 118.6, 120.0, 124.9, 127.1, 127.8, 128.9, 137.4, 141.3, 143.7, 155.3; MS (TOF
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MS ES+, m/z): 615.3 (100, M + Na+); HRMS (TOF MS ES+, m/z) Calculated for C35H43N4O6
(M + NH4+): 615.3183; Found: 615.3179.
4-(Allyloxycarbonylamino)-2-methoxybenzyl piperidine-1-carboxylate (5-4).
3-Methoxy-4-{[(piperidin-1-ylcarbonyl)oxy]methyl}benzoic acid 5-8 (4.75 g, 16.2 mmol, 1
equiv) was dissolved in 150 mL of dry CH2Cl2 and cooled to 0 °C. DIEA (6.2 mL, 36 mmol, 2.2
equiv) was added to the solution followed by drop-wise addition of ethyl chloroformate (3.4 mL,
36 mmol, 2.2 equiv). The solution was stirred at 0 °C for 1 h, after which the reaction mixture
was warmed to room temperature and all solvents were removed under reduced pressure. The
resulting residue was dissolved in acetone (70 mL) and the solution was cooled to 0 °C. A
solution of sodium azide (5.3 g, 81 mmol, 5 equiv) in cold water (70 mL) (~10 °C) was added
drop-wise to the acetone solution. The resulting suspension was stirred vigorously at 0 °C for 2
h, after which the solution was diluted with EtOAc (200 mL) and the aqueous layer was
separated. The aqueous layer was extracted using EtOAc (2 × 100 mL), and the combined
organic extracts were washed with brine (2 × 100 mL) and dried over anhydrous Na2SO4. The
Na2SO4 was removed by filtration, and the resulting solution was concentrated under reduced
pressure to obtain a yellow gelatinous residue. The residue was dissolved in dry toluene (100
mL) and the resulting solution was heated to 110 °C for 1 h. The reaction mixture was cooled to
room temperature, allyl alcohol (3.3 mL, 49 mmol, 3 equiv) was added, and the solution was
heated to reflux (112 °C) for 12 h. The solution was cooled to room temperature and the solvent
was removed under reduced pressure with gentle heating (40 °C). The residue was purified by
column chromatography (gradient elution with 30–40% EtOAc/hexanes) to obtain 4(allyloxycarbonylamino)-2-methoxybenzyl piperidine-1-carboxylate 5-4 (3.67 g, 10.5 mmol,
65%). IR (cm-1) 3260, 3204, 3074, 2933, 2850, 1726, 1668, 1610; 1H-NMR (400 MHz, CDCl3):
δ 7.43 (1H, s), 7.28 (1H, s), 7.21 (1H, d, J = 8.1), 6.82 (1H, d, J = 8.1), 5.94 (1H, m), 5.34 (1H, d,
J = 17.2), 5.26 (1H, d, J = 15.7), 5.12 (2H, s), 4.65 (2H, d, J = 5.5), 3.79 (3H, s), 3.43 (4H, m),
1.57–1.55 (2H, m), 1.51 (4H, m);
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C-NMR (100 MHz, CDCl3): δ 24.4, 25.7, 44.9, 55.4, 62.2,

65.7, 101.6, 110.1, 118.1, 120.0, 129.8, 132.5, 139.4, 153.4, 155.7, 158.0; MS (TOF MS ES+,
m/z): 371.1 (4, M + Na+), 220.1 (100, M − C6H11O2N); HRMS (TOF MS ES+, m/z) Calculated
for C18H24N2O5Na (M + Na+): 371.1583; Found: 371.1576.
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Experimental procedures to test the response of 5-1to piperidine
Experimental procedure corresponding to Figure 5-4
A piperidine solution in water (7 μL, 40 mM, 0.02 equiv) was added to a solution of 5-1 in
DMSO (350μL, 40 mM) containing 61 mM anisole as the internal standard. At regular intervals,
an aliquot (10 μL) of the reaction mixture was diluted with acetonitrile (500 μL) and the
resulting solution was injected into an analytical reversed-phase HPLC coupled to a mass
spectrometer. The LC-MS data were obtained on an Agilent Technologies 1200 series analytical
reversed-phase HPLC coupled to an Agilent Technologies 6120 quadrupole mass spectrometer.
Experimental procedures to test the response of amplification reagent 5-1, 5-2, or 5-3 to
piperidine
Experimental procedure corresponding to Figure 5-5 and 5-8
A piperidine solution in water (2 μL, 2 M–2 mM, 1–0.001 equivalents relative to amplification
reagent 5-1, 5-2 or 5-3) was added to a solution of the amplification reagent (5-1, 5-2 or 5-3) in
9:1 DMSO−THF (100 μL, 40 mM). At regular intervals, an aliquot (1 μL) of the reaction
mixture was diluted with THF (600 μL) and the absorbance of the sample was measured at 305
nm. The absorbance values were normalized using the formula Anormal = (A – A0)/(Amax – A0)
where Anormal = normalized absorbance, A = absorbance at time t, A0 = absorbance for a negative
control, Amax = maximum absorbance obtained for a particular assay.
Experimental procedure corresponding to Figure 5-6
A stock dye solution (A) was prepared by dissolving bromocresol green (2 mg, 2.86 μmol) and
aqueous sodium hydroxide (2 μL, 1 M) in isopropanol and by adjusting the volume of the
solution to 100 mL using isopropanol. A piperidine solution in water (4 μL, 20 mM) was added
to a solution of 5-1 in DMSO (200 μL, 40 mM). At regular intervals, an aliquot (1 μL) of the
reaction mixture was added to a 1 mL aliquot of solution A and the absorbance at 625 nm was
measured after an incubation time of 20 minutes. The progress of the reaction also was
monitored using the method described for Figure 5-5. Briefly, an aliquot (1 μL) of the reaction
mixture was diluted with THF (600 μL) and the absorbance was measured at 305 nm.
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Experimental procedure for control experiments to demonstrate that aniline is not
sufficiently basic to deprotonate bromocresol green.
A stock dye solution (A) was prepared by dissolving bromocresol green (2 mg, 2.86 μmol) and
aqueous sodium hydroxide (2 μL, 1 M) in isopropanol and by adjusting the volume of the
solution to 100 mL using isopropanol. A solution of each of the amine in 50:1 DMSO-H2O
(1 μL, 40 mM) was added to a 1-mL aliquot of solution A and the absorbance at 625 nm was
measured.

Figure 6-1. UV-Vis spectra of bromocresol green (1 mL, 28.6 μM, isopropanol) after addition of
a solution of selected amines (1 μL, 50:1 DMSO−H2O).8

Experimental procedure for the assay to detect palladium using reagents 5-1 and 5-4
A stock solution (Solution A) was prepared containing detection reagent 5-4 in THF (0.2 M) and
phenylsilane (438 mM). Tri-n-butylphosphine (10 μL) was added to a solution of Pd(OAc)2
(1 mL, 0–32 ppm of Pd(II) in THF) and the resulting solution was mixed using a vortex mixer.
After 5 minutes, an aliquot (100 μL) of this palladium solution was added to Solution A (100 μL)
and the reaction mixture was agitated using a vortex mixture for 2 s. The solution was left
undisturbed for 1 h. The reaction mixture was then diluted with water (40 μL). An aliquot (50
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μL) of this solution was combined with a solution of amplification reagent 5-1 in DMSO (56.8
μM, 360 μL). The amplification reaction was allowed to proceed for 16 h. An aliquot (1 μL) of
the reaction mixture was diluted with THF (600 μL) and the absorbance of the solution was
measured at 305 nm using THF as the blank sample. The absorbance data obtained were
normalized using the formula Anormal = (A – A0)/(Amax – A0) where Anormal = normalized
absorbance, A = absorbance measurements obtained for a reaction, A0 = absorbance values for a
negative control containing no added Pd(II), and Amax = maximum absorbance obtained.
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APPENDIX B: DATA TABLES
Chapter 2 data tables
Final glucose concentration in the assay mixture corresponding to Figure 2-3.

[β-galactosidase] / U mL
10.6
15.9
21.1
26.4
31.7
37.0

-1

Meter Reading / mg dL-1
Trial 1
Trial 2
Trial 3
38
44
44
119
110
110
145
160
164
212
220
218
269
269
259
322
300
298

Final glucose concentration in the assay mixture corresponding to Figure 2-4.
[esterase] / U mL-1
2
4
12
20
40
80
120
160

Meter Reading / mg dL-1
Trial 1
Trial 2
Trial 3
195
194
190
199
199
191
218
212
211
237
243
250
277
276
264
383
392
370
481
491
497
559
569
544

Final glucose concentration in the assay mixture corresponding to Figure 2-5.
Meter Reading / mg dL-1
[alkaline phosphatase] / U L-1
40
60
100
200
300
400
500
600

Trial 1
62
105
172
310
416
481
528
578

Trial 2
56
102
182
327
425
487
552
575

185

Trial 3
57
110
164
314
416
473
514
575

Final glucose concentration in the assay mixture corresponding to Figure 2-6.
[PGA] / U mL-1
1
0.75
0.5
0.25
0.1
0.05

Meter Reading / mg dL-1
Trial 1
Trial 2
Trial 3
200
194
159
166
187
158
138
154
143
76
63
93
42
47
55
23
40
25

Final glucose concentration in the assay mixture corresponding to Figure 2-7.
Meter Reading / mg dL-1
[β-galactosidase] / U mL-1
0
1
5
10
15
20
30
50
100
160
200
260
300
340

Trial 1
99
96
107
107
124
125
143
178
259
390
420
502
534
593

Trial 2
96
98
101
112
121
123
152
181
260
374
419
504
548
551
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Trial 3
96
95
100
113
117
126
141
164
269
361
428
503
512
598

Final glucose concentration in the assay mixture corresponding to Figure 2-8.
Meter Reading / mg dL-1
[alkaline phosphatase] / U L-1

Trial 1

Trial 2

Trial 3

0

92

87

99

2

109

110

104

4

118

115

117

6

125

130

126

8

144

141

137

10

157

175

165

20

217

229

218

30

281

271

268

40

320

328

310

60

418

407

399

80

456

462

455

100

511

505

499

120

535

534

561

140

559

573

551

160

564

585

574

Final glucose concentration in the assay mixture corresponding to Figure 2-9.
Meter Reading / mg dL-1
[PGA] / U mL-1
0.00
0.02
0.03
0.04
0.05
0.06
0.08
0.08
0.10
0.12
0.30
0.60
1.01

Trial 1
116
137
154
154
154
160
175
184
182
187
219
251
251

Trial 2
119
135
130
150
149
162
176
178
194
189
198
245
272

Trial 3
117
133
155
156
162
161
181
180
195
197
245
215
265
187

Final glucose concentration in the assay mixture corresponding to Figure 2-10
Meter Reading / mg dL-1
[ALP]* / U L-1
0
2
4
6
8
10
20
30
40

Trial 1
144
154
159
168
176
187
231
274
277

Trial 2
137
149
156
173
176
195
256
258
311

Trial 3
140
146
163
166
183
192
248
264
312

60

336

334

355

80
418
423
411
100
450
454
455
120
466
471
468
140
502
509
511
160
539
512
517
*
[ALP] refers to the concentration of ALP in spiked serum sample.

Final glucose concentration in the assay mixture corresponding to Table 2-1
Meter Reading / mg dL-1
Negative Control
Test Sample
Serum Sample*
Trial 1
Trial 2
Trial 3
Trial 1
Trial 2
Trial 3
1
140
141
144
242
230
253
2
350
354
350
437
436
445
3
263
269
279
348
354
351
* Serum 1 refers to commercial horse blood serum. Serum samples 2 and 3 were prepared by adding 0.72
and 0.36 mg D-glucose to 600 µL of commercial horse blood serum respectively.

Final glucose concentration in the assay mixture corresponding to Table 2-2
Meter Reading / mg dL-1
Time of assay [PGA] / U mL-1 Trial 1
Trial 2
Trial 3
*Calculated [PGA] / U mL-1
Day 0
0.06
169
176
167
0.07±0.01
Day 7
0.06
155
154
151
0.05±0.00
* Calculated using the equation of the calibration curve in Figure 2-9 (inset) (y = 121 + 709x)
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Chapter 3 data tables
Fluorescence emission intensity of the assay mixture corresponding to Figure 3-6.
[H2O2] / μM
0
1
2
3
4
6
8
10
20
30
40
50
60
70
80
90
100

Fluorescence emission intensity at 510 nm (I - I0)
Trial 1
Trial 2
Trial 3
0.00
0.00
0.00
1.97
1.81
2.18
3.92
3.90
4.02
5.71
6.03
6.47
7.44
7.71
7.95
12.08
12.33
12.83
16.92
15.66
16.11
18.94
18.47
18.64
42.52
48.49
39.87
62.61
61.67
61.22
77.14
81.51
77.58
109.02
100.09
99.33
124.12
115.49
112.13
143.32
134.19
132.23
151.42
148.39
142.93
164.92
157.99
151.33
174.92
171.19
172.63

Fluorescence emission intensity of the assay mixture corresponding to Figure 3-8a.
[β-Galactosidase] / nM
0
25
50
75
100
200
300
400
500

Fluorescence intensity at 510 nm (I – I0)
Trial 1
Trial 2
Trial 3
0
0
0
0.88
1.741
1.603
1.97
3.2663
3.579
4.87
6.811
4.909
7.44
9.391
6.671
16.06
12.261
14.061
18.68
22.081
21.361
23.88
29.061
25.931
29.76
34.151
31.811
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Fluorescence emission intensity of the assay mixture corresponding to Figure 3-8b.
-1

[ALP] / U·L
0
10
25
50
75
100
250
500
750
1000

Fluorescence emission intensity at 510 nm (I – I0)
Trial 1
Trial 2
Trial 3
0.0000
0.0000
0.0000
0.4290
0.3330
0.3610
0.7760
0.7400
0.6520
1.1740
1.1790
1.0590
1.6220
1.5950
1.4250
2.4170
2.0290
2.0830
4.6400
4.3120
4.3220
7.8790
7.5010
7.6030
11.189
10.131
10.733
13.879
14.301
14.023

Data obtained for the smell-based assay for the detection of β-D-galactosidase (16 out of 20 samples were
identified correctly by smell alone)
Test no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

[β-galactosidase] / nM Response
200
yes
200
no
200
yes
200
yes
200
yes
200
yes
200
yes
200
yes
200
yes
200
yes
0
no
0
no
0
yes
0
no
0
yes
0
no
0
no
0
no
0
no
0
yes
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Data obtained for the smell-based assay for the detection of ALP (14 out of 20 samples were identified
correctly by smell alone)
Test no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

[ALP] / U L-1
100
100
100
100
100
100
100
100
100
100
0
0
0
0
0
0
0
0
0
0

Response
yes
yes
yes
no
no
yes
no
yes
yes
yes
no
no
yes
no
no
yes
no
yes
no
no
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Chapter 4 data tables
Fluorescence emission intensities corresponding to Figure 4-11
Fluorescence data for the assay containing 2 mM of 4-11 and 2 mM of ethanethiol in 1:1 CH3CN-0.1 M
HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.1
0.3
0.4
0.6
0.8
1.0
1.3
1.7
2.0
2.5
3.0
4.0
5.5
7.0
9.9
17.0

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
4.3
3.9
4.5
12.4
11.9
13.2
20.5
19.0
20.2
27.3
26.4
26.5
34.8
33.5
33.6
39.8
39.5
39.9
47.1
46.3
49.2
55.8
52.0
55.7
61.0
58.7
59.1
65.5
62.4
66.0
70.5
71.8
72.7
81.8
82.1
80.8
88.2
89.1
93.2
98.9
96.5
96.5
100.0
98.9
100.0
97.5
100.0
97.3

Fluorescence data for the assay containing 2 mM of 4-11 and 0.6 mM of ethanethiol in 1:1 CH3CN-0.1 M
HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.2
0.5
1.0
1.5
2.0
2.5
3.0
4.0
6.1
8.0
10.0
12.0
14.0

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
2.4
2.3
2.4
7.9
8.1
8.2
15.1
13.6
14.1
22.0
22.1
21.1
27.7
26.6
26.6
33.5
34.4
31.9
36.6
39.1
38.9
45.9
45.2
48.3
62.9
63.2
60.5
75.9
75.6
72.9
81.8
81.4
81.2
90.4
91.4
87.2
91.7
95.0
90.4
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17.0
20.0
23.0

96.6
97.1
100.0

96.5
100.0
97.5

90.3
100.0
98.2

Fluorescence data for the assay containing 2 mM of 4-11 and 0.2 mM of ethanethiol in 1:1 CH3CN-0.1 M
HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.2
1.0
2.0
3.0
6.1
8.0
10.0
12.0
14.0
17.0
20.0
23.0
26.0
28.9
32.0

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
1.0
1.0
0.8
5.2
5.7
5.0
10.7
11.5
9.8
16.7
17.7
15.4
35.9
33.3
31.9
46.9
43.9
42.3
61.6
56.3
54.0
69.9
61.6
61.2
71.6
67.5
67.9
84.0
83.1
77.2
88.2
88.9
81.5
97.9
92.3
92.7
100.0
96.0
94.0
98.8
98.6
96.9
99.5
100.0
100.0

Fluorescence data for the assay containing 2 mM of 4-11 and 0.1 mM of ethanethiol in 1:1 CH3CN-0.1 M
HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.2
1.0
2.0
3.0
6.1
8.0
10.0
12.0
14.0
17.0
20.0
23.0
26.0

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.6
0.6
0.6
2.9
2.6
2.8
5.4
5.2
5.6
9.4
8.8
8.1
19.4
20.2
18.8
26.7
25.5
26.6
35.6
36.7
32.3
44.1
45.7
41.0
56.0
50.1
49.9
66.6
64.0
63.8
76.6
79.3
73.1
90.6
86.4
82.6
93.3
89.0
90.7
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28.9
32.0

99.3
100.0

95.5
100.0

100.0
98.3

Fluorescence data for the assay containing 2 mM of 4-11 and 0.02 mM of ethanethiol in 1:1 CH3CN-0.1
M HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.1
3.0
6.0
12.0
24.0
35.0
48.0
60.0
73.0

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.2
0.3
0.3
1.3
1.2
1.2
2.4
2.5
2.5
6.1
6.3
6.5
23.2
24.5
25.3
57.4
61.0
59.7
91.9
98.1
94.0
100.0
98.6
100.0
99.2
100.0
100.0

Fluorescence data for the assay containing 2 mM of 4-11 and 0 mM of ethanethiol in 1:1 CH3CN-0.1 M
HEPES buffer, pH 7.4, 1 mM EDTA.
Time(h)
0.12
6
10
24
33
47
56.7
71

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.20
0.22
0.18
0.41
0.37
0.31
0.43
0.34
0.44
0.83
0.86
0.85
1.45
1.38
1.20
2.65
2.51
1.81
4.45
4.00
2.77
10.00
9.16
4.24
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Fluorescence emission intensities corresponding to Figure 4-12
Fluorescence data for the assay containing 2 mM of 4-11, 0 mM of 4-22, and 0.02 mM of ethanethiol in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM EDTA.

Time (h)
3.1
8.2
22.7
32.3
47.6
71.0
80.4

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.0
0.0
0.0
1.7
1.8
1.9
12.0
14.8
15.8
29.7
32.6
35.4
68.2
70.7
75.0
95.4
100.0
100.0
100.0
98.8
96.9

Fluorescence data for the assay containing 2 mM of 4-11, 1 mM of 4-22, and 0.02 mM of ethanethiol in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM EDTA.

Time (h)
3.1
8.2
22.7
32.3
47.6
71.0
80.4

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.0
0.0
0.0
0.6
8.2
2.7
2.2
13.0
6.5
23.2
25.3
26.7
52.0
51.0
56.1
100.0
102.0
95.0
90.4
100.0
100.0
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Fluorescence emission intensities corresponding to Figure 4-13
Fluorescence data for the assay containing 2 mM of 4-11, 0 mM of 4-25, and 0.02 mM of ethanethiol in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM EDTA.

Time (h)
0.1
6.0
10.0
24.0
33.0
47.0
56.7
71.0
80.9
96.3

Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.2
0.3
0.2
1.8
2.2
1.9
3.5
3.4
3.5
14.0
15.9
14.7
29.3
30.3
30.7
61.1
64.2
62.7
80.9
85.0
83.2
78.2
89.5
89.8
100.0
98.7
100.0
94.7
100.0
92.8

Fluorescence data for the assay containing 2 mM of 4-11, 1 mM of 4-25, and 0.02 mM of ethanethiol in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM EDTA.
Normalized fluorescence intensity
Trial 1
Trial 2
Trial 3
0.2
0.2
0.2
1.9
1.7
1.8
3.3
3.1
2.9
15.3
13.4
13.0
32.9
28.3
30.4
67.2
58.9
61.6
83.0
74.4
77.8
95.2
90.2
87.6
94.8
82.1
99.3
100.0
100.0
100.0
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Fluorescence emission intensities corresponding to Figure 4-14
Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of N-acetyl-L-cysteine in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA.

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of thiophenol in 1:1
CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA

Normalized fluorescence intensity
Time (h)
Trial 1
Trial 2
Trial 3
0.33
11.6
11.3
11.6
1.0
29.1
29.0
28.8
2.1
46.5
49.1
47.9
4.0
68.7
71.3
73.2
7.0
89.1
86.8
82.9
10
93.7
96.6
92.9
12
95.0
96.6
92.4
15
95.2
100
99.7
19
100
98.9
100

Normalized fluorescence intensity
Time (h)
Trial 1
Trial 2
Trial 3
0.15
9.35
9.74
9.72
0.5
11.7
13.1
13.1
1.0
15.2
16.4
16.5
2.0
23.2
22.5
23.4
3.5
33.4
34.5
34.5
5.0
42.6
43.5
42.9
8.0
63.4
62.9
64.1
11
75.8
79.1
81.6
14
86.3
91.3
90.2
17
93.7
93.1
101
21
95.1
97.0
95.3
26
100
100
100

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of 2-mercaptoethanol in 1:1
CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA.
Normalized fluorescence intensity
Time (h)
Trial 1
Trial 2
Trial 3
0.15
2.01
2.17
2.20
1.0
11.3
11.6
11.9
2.0
18.3
19.1
18.1
3.5
27.4
29.8
27.4
5.0
37.1
39.5
35.6
8.0
59.5
61.0
57.1
11
73.2
75.0
78.7
14
89.2
88.5
91.4
17
93.9
90.7
91.9
21
97.4
98.8
96.3
26
100
100
100

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of 4-methoxythiophenol in
1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA
Normalized fluorescence intensity
Time (h)
Trial 1
Trial 2
Trial 3
0.33
43.7
46.1
42.9
1.0
50.1
52.5
48.9
2.1
59.9
64.5
61.9
4.0
72.8
76.7
72.8
7.0
90.7
90.2
89.3
10
93.8
97.9
96.1
12
96.5
99.5
97.9
15
100
99.1
96.8
19
99.2
100
100
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Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of 4-nitrothiophenol in 1:1
CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA
Time (h)
0.33
1.0
2.1
4.0
7.0
10
12
15
19

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of tiopronin in 1:1 CH3CN0.1 M HEPES buffer, pH 7.4, 1 mM EDTA

% of maximum signal
Trial 1 Trial 2 Trial 3
46.7
41.0
40.5
52.8
48.6
49.3
62.0
59.2
59.3
77.5
73.0
74.6
87.8
86.6
90.2
94.6
91.2
96.3
98.6
93.8
98.7
99.5
95.3
101
100
100
100

Time (h)
0.10
1.0
3.0
5.0
7.0
9.0
11
13

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of 2-methyl-2-propanethiol
in 1:1 CH3CN-0.1 M HEPES buffer, pH 7.4, 1
mM EDTA

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of 3-mercaptohexanol in 1:1
CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA
Time (h)
1.5
3.0
5.0
8.0
10
13
16
21
26
30
34

% of maximum signal
Trial 1 Trial 2 Trial 3
18.4
17.0
14.3
52.7
49.3
51.7
76.5
72.1
72.8
85.6
85.1
81.5
92.7
91.3
95.5
100
100
98.1
99.1
98.7
97.4
100
97.0
100

Time (h)
1.5
3.0
8.0
13
21
30
34
38
49
59
74

% of maximum signal
Trial 1 Trial 2 Trial 3
7.91
8.65
9.05
23.6
24.3
23.5
46.0
46.8
44.1
67.4
66.8
65.8
72.4
78.0
76.0
83.4
85.8
84.8
90.1
92.5
93.4
92.4
96.6
95.4
100
96.5
97.6
94.2
100
100
92.0
98.3
99.5
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% of maximum signal
Trial 1 Trial 2 Trial 3
0.126
0.159
0.170
0.371
0.374
0.422
1.89
2.28
2.23
5.78
5.98
6.61
18.4
21.1
24.0
48.2
57.1
58.7
63.7
65.5
67.8
71.1
79.1
81.2
92.5
92.4
91.7
94.7
100
100
100
97.7
99.7

Fluorescence data for the assay containing 2 mM
of 4-11 and 0.6 mM of penicillamine in 1:1
CH3CN-0.1 M HEPES buffer, pH 7.4, 1 mM
EDTA
Time (h)
0.1
3.0
9.0
13
23
34
48
59
71

% of maximum signal
Trial 1 Trial 2 Trial 3
0.068
0.114
0.158
0.826
1.227
0.813
5.45
4.31
5.86
12.8
8.47
16.1
47.6
33.8
51.9
82.9
74.7
92.6
95.8
91.7
99.7
93.2
97.7
96.9
100
100
100

T50 values obtained from regression curves of
above fluorescence intensity data.
Thiol
L-cysteine
N-acetyl-L-cysteine
2-mercaptoethanol
Thiophenol
4-methoxythiophenol
4-nitrothiophenol
3-mercaptohexanol
Tiopronin
2-methyl-2-propanethiol
Penicillamine

T50 (h)
Trial 1 Trial 2
0.44
0.37
2.21
2.12
6.29
6.06
5.56
5.29
1.06
0.81
0.79
1.11
5.86
5.58
0.81
0.97
29.9
27.8
22.9
26.5

Trial 3
0.39
2.11
6.22
5.20
1.08
1.13
5.74
0.88
27.4
21.3
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Chapter 5 data tables
Normalized absorbance data corresponding to Figure 5-5
Normalized absorbance data for 1.0 equivalent
of added piperidine.
Time (h) Absorbance at 305 nm
0.00
0.0000
0.03
0.4231
0.06
0.7560
0.07
0.7884
0.09
0.8585
0.13
0.8669
0.16
0.9100
0.23
0.9485
0.20
0.9330
0.25
0.9342
0.32
1.0000
0.38
0.9621
0.45
0.9137

Normalized absorbance data for 0.01 equivalents
of added piperidine.
Absorbance at 305 nm
Time (h)
Trial 1
Trial 2
Trial 3
0.01
0.0000
0.0000
0.0000
0.50
0.0697
0.0736
0.0692
1.0
0.1326
0.1375
0.1532
2.0
0.2718
0.2898
0.2943
3.0
0.4292
0.3933
0.4586
4.0
0.6109
0.5748
0.5946
5.0
0.7620
0.8160
0.8542
6.0
0.9500
0.8885
0.9313
7.0
0.9787
0.8940
0.9857
8.0
1.0000
1.0000
0.9447
9.0
0.9962
0.9393
1.0000

Normalized absorbance data for 0.1 equivalents
of added piperidine.
Absorbance at 305 nm
Time (h)
Trial 1
Trial 2
Trial 3
0.01
0.0000
0.0000
0.0000
0.33
0.4124
0.4138
0.3765
0.66
0.5957
0.5597
0.6082
1.0
0.7283
0.7672
0.7462
1.3
0.8456
0.8379
0.8292
1.7
0.8506
0.9030
0.9091
2.0
0.9449
0.9815
0.9919
2.3
0.8981
0.9995
0.9496
2.7
0.9038
0.9639
0.9502
3.2
1.0000
1.0000
1.0000
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Normalized absorbance data for 0.001 equivalents of added piperidine.
Time (h)
0.01
2.0
4.0
6.0
8.0
10
12
13
14
15
16
18

Absorbance at 305 nm
Trial 1
Trial 2
Trial 3
0.0000
0.0000
0.0000
0.0074
0.0611
0.0338
0.0345
0.0494
0.0354
0.0686
0.0868
0.0692
0.1611
0.2180
0.1787
0.3675
0.4009
0.4102
0.6855
0.7183
0.7531
0.8102
0.8305
0.8390
0.9590
0.9545
0.9243
0.9666
0.9560
0.9540
0.9738
0.9307
1.0000
1.0000
1.0000
0.9957

Normalized absorbance data for 0.0 equivalents of added piperidine.
Absorbance at 305 nm
Time (h)
Trial 1
Trial 2
Trial 3
0.01
0.0000
0.0000
0.0000
1.0
0.0131
0.0227
0.0264
3.0
0.0583
0.0375
0.1233
5.0
0.1022
0.0419
0.0638
7.0
-0.0020
0.1070
0.0082
9.0
0.0565
0.0916
0.1311
11
0.1268
0.1463
0.1362
13
0.0410
0.2878
0.1330
15.2
0.0430
0.1678
0.0389
17.3
0.1184
0.1789
0.0999
19
0.1797
0.1850
0.1800
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Normalized absorbance data corresponding to Figure 5-6
Time(h)
0
1
2
3
4
5
6
7
8
9
10
11

Normalized absorbance at 305 nm Normalized absorbance at 625 nm
(A - A0)/(Amax - A0)
(A - A0)/(Amax - A0)
0.000
0.000
0.019
0.001
0.052
0.001
0.095
0.001
0.177
0.086
0.314
0.312
0.528
0.525
0.672
0.715
0.859
0.856
0.954
0.922
0.996
0.939
1.000
1.000

Normalized absorbance data corresponding to Figure 5-8
Normalized absorbance data for 0.01 equivalents
of added piperidine to 5-1.
Time (h)
0.01
0.50
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Normalized absorbance data for 0.0 equivalents
of added piperidine to 5-1.

Absorbance at 305 nm
Trial 1
Trial 2
Trial 3
0.0000
0.0000
0.0000
0.0697
0.0736
0.0692
0.1326
0.1375
0.1532
0.2718
0.2898
0.2943
0.4292
0.3933
0.4586
0.6109
0.5748
0.5946
0.7620
0.8160
0.8542
0.9500
0.8885
0.9313
0.9787
0.8940
0.9857
1.0000
1.0000
0.9447
0.9962
0.9393
1.0000

Time (h)
0.01
1.0
3.0
5.0
7.0
9.0
11
13
15.2
17.3
19
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Absorbance at 305 nm
Trial 1
Trial 2
Trial 3
0.0000
0.0000
0.0000
0.0131
0.0227
0.0264
0.0583
0.0375
0.1233
0.1022
0.0419
0.0638
-0.0020
0.1070
0.0082
0.0565
0.0916
0.1311
0.1268
0.1463
0.1362
0.0410
0.2878
0.1330
0.0430
0.1678
0.0389
0.1184
0.1789
0.0999
0.1797
0.1850
0.1800

Normalized absorbance data for 0.01 equivalents
of added piperidine to 5-2.

Normalized absorbance data for 0.0 equivalents
of added piperidine to 5-2.

Absorbance at 305 nm
Time
(h)
0
2
4
6
8
10
12
14
16
18

Absorbance at 305 nm
Trial 1
0.0000
0.1531
0.3373
0.4748
0.5936
0.7017
0.7685
0.9166
1.0000
0.9818

Trial 2
0.0000
0.1416
0.3939
0.4808
0.6146
0.6769
0.8124
0.8915
0.9403
1.0000

Trial 3
0.0000
0.1418
0.3088
0.4719
0.5199
0.6533
0.7342
0.8607
0.9810
1.0000

Time
(h)
0
1
2
3
4
5
7
9
12
16
20

Normalized absorbance data for 0.01
equivalents of added piperidine to 5-3.

Trial 1
0.0000
0.2999
0.4785
0.5455
0.7336
0.7476
0.7974
0.9726
0.9913
1.0000

Trial 2
0.0000
0.3589
0.4318
0.6327
0.7995
0.7471
0.8342
0.9112
0.9325
1.0000

Trial 2
0.0948
0.0952
0.1008
0.0932
0.1006
0.1009
0.105
0.104
0.1068
0.1048
0.1054

Trial 3
0.1048
0.1014
0.1011
0.0279
0.1073
0.1061
0.106
0.1197
0.1023
0.1069
0.1098

Normalized absorbance data for 0.0
equivalents of added piperidine to 5-3.
Absorbance at 305 nm
Time
(h)
Trial 1
Trial 2
Trial 3
0
0
0
0
1
0.1223
0.0021
0.0088
2
0.1172 -0.0275 -0.0052
3
0.0915
0.0126
0.0075
4
0.1234
0.0042
0.0134
5
0.0995 -0.0123
0.0165
7
0.1338
0.0382
0.0317
9
0.1575
0.0432
0.0446
12
0.1409
0.0199
0.0431
16
0.1278
0.0442
0.0346
20
0.1437
0.0139
0.0403

Absorbance at 305 nm
Time
(h)
0
2
4
6
8
10
12
14
16
17

Trial 1
0.0915
0.1017
0.1003
0.0995
0.0954
0.1027
0.1032
0.1073
0.1023
0.1051
0.1036

Trial 3
0.0000
0.3398
0.4612
0.6080
0.7861
0.8874
0.9514
0.9722
0.9943
1.0000
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Normalized absorbance data corresponding to Figure 5-9

[Pd(II)] in ppm
0
4
8
10
12
14
16
20
24
28
32

Normalized absorbance at 305 nm
(A - A0)/(Amax - A0)
Trial 1
Trial 2
Trial 3
0.0000
0.0000
0.0000
0.0110
0.0086
-0.0017
0.0202
0.0134
0.0004
0.0133
0.0103
0.0359
0.0735
0.0533
0.0190
0.1367
0.1269
0.2404
0.2905
0.2849
0.4375
0.7122
0.7112
0.8737
0.8936
0.8923
0.9797
0.9156
1.0062
0.9979
1.0000
1.0000
1.0000
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APPENDIX C: PERMISSIONS TO REUSE COPYRIGHTED MATERIALS
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