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ABSTRACT
Lyme disease, also known as Lyme Borreliosis, is caused by bacteria of the Borrelia type,
and it is the most common vector-borne infectious disease spread by ticks in the densely
populated Northern Hemisphere including Asia, Europe, and North America. Lyme disease can
lead to significant pains and sufferings, making it one of the most insufferable diseases. If left
untreated, infected patients can develop symptoms as serious as paralysis, chronic shooting pain,
heart problems among others. Early detection is essential in proper Lyme disease treatment. The
current technique used to detect Lyme disease is a two-step approach including an ELISA
(enzyme-linked immunosorbent assay) test and a confirmatory Western blot test. However,
ELISA is not an ideal test because it relies on the use of secondary antibodies to detect primary
antibodies. Due to non-specific binding of secondary antibodies, ELISA suffers from a high
false-positive rate, making a positive result unreliable and must be confirmed by an additional
Western blot test. In addition, since secondary antibodies are specific to species, a different
Lyme test protocol is required for each different species. Lastly, because secondary antibodies
are not cheap and not always readily available, an ELISA-based Lyme test is unnecessarily
expensive and slow.
There is, however, a novel technique that overcomes the disadvantages of the ELISAbased Lyme test. By using the antibody-catalyzed water oxidation pathway (ACWOP), a novel
biosensor can be designed to directly detect the presence of primary antibodies to Borrelia
without the use of enzyme-tagged secondary antibodies. In ACWOP, the intrinsic catalytic
power of all antibodies regardless of species is utilized to oxidize water into hydrogen peroxide
for detection. Addition of readout reagents in the presence of hydrogen peroxide can then
generate either colorimetric or fluorometric signals that can be easily detected. Since ACWOP

eliminates the use of species-specific secondary antibodies, the novel Lyme test based on
ACWOP will have higher specificity, more convenience and more affordability, and most
importantly, unify human and veterinary serological testing.
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CHAPTER 1
INTRODUCTION
Lyme disease is a prevalent disease in the most densely populated area around the world
including Asia, Europe, and North America. It is estimated that over 300,000 people are affected
with Lyme disease each year in the United States alone, and 65,000 people in Europe (1).

Figure 1. Tick distribution around the world (2).

Lyme disease is especially prevalent in the most densely populated Northeastern United
States as shown in Figure 2, mostly because the mild and humid continental climate is hospitable
to tick growth and reproduction, as show in Figure 1.
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Figure 2. Lyme disease cases in the US in 2017 (3).

Lyme disease, also known as Lyme borreliosis, is caused by the bacteria called Borrelia
burgdorferi. Borrelia burgdorferi is a corkscrew-shaped bacterium, also known as a spirochete,
as shown in Figure 3. It is unique because it does not appear to emit a toxin, but interacts directly
with the cell tissues it infects (4).
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Figure 3. Borrelia burgdorferi (4). Image courtesy of Emily M. Eng.

Borrelia is most typically transmitted by ticks. During a tick bite, Borrelia burgdorferi
replicate in the midgut, and migrate into the salivary glands of the tick, and are then released into
the bloodstream of the host animal (4).
Borrelia is also unusually slow in reproduction, explaining why the number of bacteria
found in an infected host animal is so low even after active infection, making it difficult to be
detected. Borrelia burgdorferi also does not circulate in the bloodstream of the host animal,
making it even harder to detect Lyme disease in the infected host’s serum (4).
Ticks are arachnids, under the same category as spiders, typically 3 to 5 mm long. They
are a kind of external parasites that feed on the blood of other animals, mostly mammals and
birds. Because of their habit of ingesting blood, ticks are vectors of above 12 vector-borne
diseases caused by both bacteria and viruses, making them highly hazardous bugs to humans.
Common tick-borne diseases include Lyme disease, Q fever, Rocky Mountain spotted fever, and
Colorado tick fever (5). Ticks are widely distributed around the world, especially in warm and
3

humid climates where a majority of people reside, because they require moisture in the air to
undergo metamorphosis and they require heat to hatch (6). There are soft and hard ticks, and
only the hard ticks or ticks of the genus Ixodes are able to transmit Borrelia and Lyme disease.
Ticks experience four stages in their lifecycle, from egg, larva, nymph, to adult (7). Ticks in their
larval state usually acquire pathogens such as Borrelia and become infected with Lyme disease
from feeding on Lyme infected small rodents and birds like white-footed mice and tree squirrels.
The white-footed mice are the primary reservoir for Lyme disease in the Eastern United States
(8). Not all ticks are infected with pathogens, so tick bites do not always lead to infection (9),
especially if the ticks are removed within 36 hours (10). When infected ticks in their nymph
stage migrate to a host animal for feeding and reproduction, they carry their pathogens and infect
the host animal with those pathogens. Nymphs of ticks are the primary vector for transmitting
Lyme disease (8). Adult ticks host mainly on deer for feeding and reproduction, so areas with a
high population of deer also suffer from a high chance of tick exposure and thus Lyme infection
(8). Ticks host on all types of animals including reptiles (snakes), birds, and mammals (bats,
deer, dogs, cattle, humans), so essentially all animals can get Lyme disease from tick bites. Ticks
can tightly attach to and migrate with their host, thus spreading the diseases. A typical lifecycle
of ticks is illustrated in Figure 4 below.
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Figure 4. Life cycle of Ixodes tick vectors of Borrelia burgdorferi (11).

Lyme disease presents special difficulties in proper and timely diagnosis due to many
unique characters of the disease. First of all, Borrelia targets multiple parts of the body and
produces a wide range of symptoms as shown in Figure 5, making it hard to pinpoint the source
of the disease. Second of all, not all patients have symptoms especially in the early stage, so
Lyme disease can easily go undiagnosed. Incubation period from infection to the onset of
symptoms also varies widely, from as short as a few days up to many years. In fact, only 60-80%
of the patients have the characteristic EM rash at the site of the tick bite upon infection (8). Third
of all, even if patients develop symptoms upon infection, these symptoms are usually not unique
or specific to Lyme disease at all as shown in Figure 5, and can easily be confused with other
diseases. For example, early Lyme symptoms include fatigue, fever, headache, muscle sores and
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joint pains, which can all be associated with a regular influenza (8). All these characters of Lyme
disease combined make it especially challenging to be diagnosed by symptoms.
Unfortunately, Lyme disease, if left untreated, can cause significant pains and sufferings
to the patients. If the patients fail to be treated in a timely manner, Borrelia can quickly enter the
bloodstream and spread all over the body including the nervous system and heart, which then
leads to serious health problems such as chronic pains, paralysis, and cardiac diseases (8). As a
matter of fact, Lyme disease causes physical pains comparable to cancer and psychological
disorders comparable to depression, both of which are on the severe side (12). Untreated patients
have very poor quality of life. Hence, early detection and treatment of Lyme disease is essential.
Lyme disease can be easily cured with common antibiotics such as amoxicillin and doxycycline
taken by mouth if the patients receive proper medical treatment within 2-3 weeks upon infection.
And the bacteria should be eradicated usually within a week. As the time period gets longer,
treatment has less effect when Borrelia starts to spread over the body. Some chronic Lyme
patients fail to respond to any treatment at all (8). Therefore, for the benefits of all the patients
worldwide and human society at large, it is ultimately essential to invent a test that is capable of
timely and accurate detection of Lyme disease.
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Figure 5. Lyme disease symptoms (13).

Unfortunately, the current Lyme test present many limitations that prevent proper and
timely diagnosis of Lyme disease. Current Lyme disease detection technique relies on a twostage test including an ELISA combined with a confirmatory Western blot. ELISA, which stands
for enzyme-linked immunosorbent assay, is a common analytical biochemistry assay widely used
in medicine, disease diagnosis, biotechnology, quality control check, and various other industries
7

(14). There are direct, indirect, sandwich, and competitive ELISA. And for most serum-based
disease tests including Lyme test, indirect ELISA is used. As is illustrated in Figure 6 below, the
way an indirect ELISA test works for a Lyme test is that patient serum is first passed over a
surface that is pre-coated with Lyme antigens, and if there are antibodies against Borrelia present
in the patient’s serum, they will be immunocaptured by the antigens on the surface. The serum is
then washed off to remove unbound antibodies and irrelevant antibodies. In the second stage,
enzyme-tagged secondary antibodies are applied. These secondary antibodies are specific to the
species tested (i.e. human or dog) and will then be captured by primary antibodies immobilized
on the surface. In the final stage, a substrate of the enzyme is added and the reaction generates a
detectable signal, either a color change or fluorescence, depending on the type of readout reagent
added.

Figure 6. Overview of the process of an indirect ELISA (15).

These secondary antibodies are species-specific, meaning that they have to be specific to
the species being tested. For example, if a person is being tested, anti-human secondary
antibodies are needed, and so forth.
ELISA is known for its high sensitivity because primary antibodies contain multiple
epitopes for binding several labeled secondary antibodies resulting in signal amplification (15).

8

ELISA is also the most documented protocol and has long been widely applied in a variety of
serum-based disease tests including HIV/AIDS and hepatitis B, among many others.
However, the disadvantages of indirect ELISA for serum-based tests are also obvious.
Most of these disadvantages result from the inevitable use of secondary antibodies. First of all, a
test using indirect ELISA is lengthier because there is an extra step of secondary antibody
incubation, which can take up to 24 hours. Second of all, the use of secondary antibodies can
lead to more non-specific binding due to potential cross-reactivity and inadequate washing. And
the nonspecific binding of secondary antibodies can lead to a higher rate of false positive,
making a positive test result less reliable. In practice, indirect ELISA is combined with a
confirmatory Western blot test that serves to confirm the positive result of ELISA. However, a
Western blot test is complicated and requires professional techniques to perform, and thus can
increase the time and cost needed of the test, which is a major disadvantage. In fact, due to the
exceptionally high rate of false positives of ELISA, patients with less than a 20% chance of
exposure to Lyme are not even recommended to have a Lyme test (16). This 20% rate is
unacceptably high as many people that have less than a 20% chance of exposure but are actually
infected will be missed out. The cost of false positives is also high. A false positive result can
lead to the unnecessary prescription of antibiotics that can result in an increase of drug-resistance
of the patient, which will have a lifelong effect on his or her health. These antibiotics also cost
money. Patients misdiagnosed with Lyme disease also suffer from emotional distress and
anxiety. In fact, there are three billion dollars spent in healthcare due to false positive results of
Lyme test in the United States each year (17). Third of all, secondary antibodies specific to a
certain species are not cheap and readily available. For this reason, Lyme disease test has never
been unified across species. There is a different test protocol for humans, dogs, horses, and other
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species that requires the use of secondary antibodies specific to that species. This can lead to
extra cost in personnel training and antibody use. In summary, the downsides of ELISA result in
negative health effects for the patients and also cost extra money in the healthcare industry.
Aware that ELISA is not an ideal testing protocol for Lyme disease, people have been
searching for alternatives and working on improvements. Fortunately, a paper came out in 2001
that opened the door for a potential replacement of ELISA. Wentworth et al. first described the
antibody-catalyzed oxidation pathway (ACWOP), where they found that single antibodies are
capable of catalyzing a unique reaction that oxidizes water into hydrogen peroxide in the
presence of singlet oxygen. They also found that ACWOP is independent of species and class of
antibody used (18). A diagram of an ACWOP is shown in Figure 7 below. During an ACWOP,
singlet oxygen is generated by photosensitizer, which is illuminated with light of a certain
wavelength. Singlet oxygen then oxidizes water into hydrogen peroxide, and this reaction is
catalyzed by antibodies of any kind. In the final step, a readout reagent is added, and hydrogen
peroxide will turn this readout reagent into some detectable signals. The last step is usually
catalyzed by an enzyme such as horseradish peroxidase (HRP).
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Figure 7. Schematic of the antibody-catalyzed water oxidation pathway (ACWOP).

Since ACWOP eliminates the use of secondary antibodies, a Lyme test via ACWOP is
immediately made faster and cheaper than one via ELISA. In addition, reliability and specificity
of the test is also greatly enhanced because non-specific binding of secondary antibodies is now
completely avoided. Most significantly, because ACWOP utilizes the intrinsic catalytic
capability of all antibodies regardless of species, the novel ACWOP-based Lyme test is speciesindependent, which means that a same test protocol can be universally applied on humans, pets,
and livestock all in the same fashion. This unique character of ACWOP makes it possible to
design a species-independent Lyme disease sensor that will essentially unify Lyme test across
species.
The readout process of a novel direct antibody sensor on surface based on ACWOP is
shown and described in Figure 8 below. Antibodies are immunocaptured by antigens that have
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been coated on a substrate. Immobilized antibodies are utilized to generate hydrogen peroxide
via ACWOP, and then addition of necessary readout reagents and light illumination allow
detectable signals to be generated.

Figure 8. Schematic of an ACWOP-based antibody sensor on surface.

A vision of how an ACWOP-based Lyme disease test looks is shown in Figure 9 below.
Patients following a tick bite gets a blood draw in the hospital. Serum is made out of that
patient’s blood. The serum is then passed through a test paper that have been pre-coated with
Borrelia or Lyme antigens. After some incubation time to allow for thorough immunocapture,
the serum is washed off to remove any unbound antibodies and irrelevant antibodies. Some
aqueous media such as phosphate-buffered saline (PBS) is added to replace the serum. In the
final step, various necessary reagents such as Rose Bengal and HRP are added with proper green
light illumination, and the test paper should show positive or negative signals, which can tell us
whether the patient has Lyme disease or not in his or her blood.
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Figure 9. Diagram showing the process of a mature and novel ACWOP-based Lyme disease test.

Again, as we can see from the diagram in Figure 9 above, there is no use of secondary
antibodies anywhere in the entire process, making sure that this novel antibody sensor overcomes
all the limitations that are caused by the use of secondary antibodies that I described above. The
discovery of ACWOP has really opened a gate for developing a species-independent, highly
specific, and affordable antibody sensor for Lyme disease detection. And this lays the foundation
and scope of this project that I have been working on.
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CHAPTER 2
METHODS AND MATERIALS
2.1 Testing an ACWOP sensor in solution.
The antibody-catalyzed water-oxidation pathway, or ACWOP is the core of the novel
direct antibody sensor. There are many steps involved in an ACWOP sensor. In the first step,
singlet oxygen is generated. Singlet oxygen is the oxidized state of the commonly seen oxygen
molecule which exists in the triplet form. And this step can be done by using a photosensitizer
such as Rose Bengal, Malachite Green, and so on. A photosensitizer is a molecule that produces
a chemical change in another molecule via a photochemical process. Photosensitizers are very
commonly used to generate triplet excited state in other molecules such as oxygen. What a
photosensitizer does is that under light illumination of a specific wavelength, the photosensitizer
molecule absorbs the light energy and turns into an excited stage itself; it then transfers that
absorbed energy to the oxygen molecule, making it become excited.

2
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For this project, we chose to use Rose Bengal which is a stain and light bulbs that can
emit green light of wavelength between 520 and 560 nm. Rose Bengal is a xanthene
photosensitizer with a high absorption coefficient and mostly importantly, a high tendency to
transfer electrons from its excited triplet state, producing long-lived radicals (19). These
characteristics of Rose Bengal make it an optimal photosensitizer for the ACWOP sensor. Rose
Bengal used in this project was purchased from Alfa Aesar.
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A crosslinker with green light bulbs in it was used for green light illumination. The setup
was done by previous member Pranav Sundaram (M.S.) in the lab. I used the clear plate which
allows the most light possible to pass through and illuminated the plate directly from below
which allows the most intense and concentrated light possible. The setup is shown in Figure 44
that can be found in Appendix D.
As for illumination time, I chose to stick to a middle value which is 30 minutes that is
able to generate decently high signals but also save me time compared to longer illumination
time.
After singlet oxygen is generated, antibodies can catalyze the water-oxidation reaction,
where singlet oxygen oxidizes water into hydrogen peroxide. This is the core step of an ACWOP
sensor. Each one singlet oxygen molecule is capable of oxidizing two water molecules to form
two hydrogen peroxide molecules.

1
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Once hydrogen peroxide is generated and present in the medium, there is a variety of
ways to generate readable and detectable signals. Colorimetric and fluorometric signals are the
most commonly used. For colorimetric readout, a colorimetric reagent is introduced such as
TMB or tetramethylbenzidine, which is able to produce a color change in the wells. For
fluorometric readout, a fluorophore is introduced such as HPA or hydroxyphenylacetic acid that
can turn into a fluorescent dimer. HPA was obtained from Sigma Aldrich Chemistry. The laststep reactions are catalyzed by an enzyme called HRP or horseradish peroxidase. HRP was also
purchased from Sigma Aldrich Chemistry. Another difference is that a colorimetric readout is
done in a clear plate, while a fluorometric readout has to be done in a dark plate. 96 well plates
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were purchased from Greiner Bio-One. Pranav Sundaram (M.S.) in my lab was in charge of the
colorimetric readout, while I and Andrew Sanchez (Ph.D. candidate) have been working together
on the fluorometric readout, so this thesis will focus on the fluorometric readout results and will
assume the use of HPA as the fluorophore and fluorescent secondary antibodies unless otherwise
noted. Oxidization of HPA by hydrogen peroxide in the presence of HRP takes place in an acidic
environment with pH around 4.2. In the last readout step, however, hydroxide ions are added to
boost the pH above 12 to facilitate fluorometric readout. 0.1 N NaOH solution was throughout
the project. Sodium hydroxide pellet was obtained from Sigma Aldrich Chemistry. PBS or
phosphate-buffered saline from Corning was used throughout the project as a buffer to maintain
the medium at a pH around 7.4.
There are 5 isotypes of antibodies. They are called IgA, IgD, IgE, IgG, and IgM. Ig
stands for immunoglobulin, which is a large Y-shaped protein produced by plasma cells from the
immune system to neutralize pathogens (20). Different isotypes differ in their biological
functions, functional locations, and abilities to deal with different antigens (21). They also differ
in their general shapes. IgD, IgE, and IgG are fork-like Y-shaped, while IgA is a linear dimer
with two Y shapes on each end, and IgM is a big pentamer with five Y-shaped forks sticking
outward. The specific functions that each isotype is capable of are not central and relevant to this
project, and in terms of catalyzing the water-oxidation reaction, all of these isotypes are
considered similar in function and efficiency. Therefore, IgG was chosen for research purposes
because of its wide applicability and accessibility.
Various primary antibodies were used throughout this project. Normal-mouse IgG or nmouse IgG for short was obtained from Santa Cruz Biotechnology. Rat IgG was obtained from
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R&D Systems. Goat IgG was obtained from Invitrogen. Alexa Fluor 555 goat anti-mouse IgG
was also obtained from Invitrogen.
During a typical ACWOP readout in solution, 100 μL PBS was added to each well in a
row in a clear 96 well plate. 100 μL stock antibody solution was then added to the first well of
each row being used, followed by a two-time serial dilution. To explain, 100 μL solution was
drawn from the first well and added to the second well. After mixing, 100 μL solution was drawn
from the second well and added to the third well, and so on, until 100 μL solution was added to
the eleventh well. It is important to leave the last well or the twelfth well as pure PBS without
antibody for reference. All other wells would be compared to the last well later during data
analysis. 50 μL 0.2 mM Rose Bengal solution was added to each well right before green light
illumination. The clear plate was then set in the UV crosslinker for green light illumination for
30 minutes. The plate sat directly on the light bulbs to maximize light through. The exact setup
can be found in Appendix D. After illumination, 50 μL HRP-HPA mixed solution was added to
each well. HRP-HPA solution was prepared by mixing 0.70 mg HRP and 7.5 mg HPA in 10 mL
PBS, creating a 0.3 μM HRP and 1000 μM HPA mixed solution. After about 1 minute to allow
the reaction to occur, 20 μL 0.1N NaOH was added to each well to facilitate readout. 200 μL
solution was then transferred from the clear plate to a new unused dark plate. Readout was done
with a plate reader with excitation at 320 nm and emission at 405 nm for HPA fluorescence. It is
worthwhile to note that HPA does not have an overlap in its absorption wavelength with Rose
Bengal, which peaks at 550 nm, so there is no problem reading HPA fluorescence in the presence
of Rose Bengal. In data analysis, the last well was chosen as the reference point or zero value.
Signals from all other wells were deducted by the signal from the last well. The result of this
protocol can be seen in Figure 14 in the Results and Discussions section.
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2.2 Parameter optimization for ACWOP sensor in solution.
HPA was identified as the proper fluorophore for an ACWOP readout in the lab setting.
To test the efficacy of HPA as a fluorophore, HPA was used to detect stock peroxide. In this
experiment, hydrogen peroxide was added in to each well in a clear 96 well plate and then serial
diluted with a two-time dilution factor. 100 μL PBS was also added in each well before the
addition of hydrogen peroxide. 50 μL HRP-HPA mixed solution was then added to each well.
HRP-HPA solution was prepared by mixing 0.70 mg HRP and 7.5 mg HPA in 10 mL PBS,
creating a 0.3 μM HRP and 1000 μM HPA mixed solution. After about 1 minute to allow the
reaction to occur, 20 μL 0.1N NaOH was added to each well before readout. 150 μL solution was
then transferred from the clear plate to a new unused dark plate. Readout was done with a plate
reader with excitation at 320 nm and emission at 405 nm for HPA fluorescence. In data analysis,
the last well was chosen as the reference point or zero value. Signals from all other wells were
deducted by the signal from the last well. The result of this protocol can be seen in Figure 13 in
the Results and Discussions section.
After HPA was identified as the proper fluorophore, HPA concentration was optimized.
The full optimization experiment was done by Andy Sanchez, and is therefore not described in
detail here. I instead verified three key concentrations of HPA and confirmed the best choice of
HPA concentration. For this experiment, I used three different HPA concentrations—0.3 μM, 0.6
μM, 1.0 μM in three clear 96 well plates. Each plate then followed the same protocol as an
ACWOP readout in solution as described above in section 2.1. The results were compared and
shown in Figure 15.
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Similar protocols were conducted for illumination modality and illumination time studies.
For the modality comparison, three plates were prepared, each with a different illumination
modality. The modalities tested were: clear plate on bulbs, clear plate under bulbs, dark plate
under bulbs. Each plate followed the exact same ACWOP readout in solution protocol as
described above in section 2.1. The results were compared and shown in Figure 18.
For the illumination time study, four plates were prepared, each with a different
illumination modality. The time tested were: 15 minutes, 30 minutes, 45 minutes, 60 minutes.
Each plate followed the exact same ACWOP readout in solution protocol as described above in
section 2.1. The results were compared and shown in Figure 19.

2.3 Study of azide effects on the ACWOP sensor.
In the azide effect study, azide at various concentrations were added back to dialyzed or
azide-free IgG. Sodium azide was purchased from Alfa Aesar. I performed ACWOP readout in
solution with different azide levels—no azide, low azide, high azide—and compared the readout
results to determine how azide affects the ACWOP sensor we are developing.
Azide ion in solution is a strong singlet oxygen quencher, meaning that it tends to react
with singlet oxygen and thus consumes it. This character of azide ion makes it hostile to an
ACWOP sensor which relies heavily on singlet oxygen production in the early stage. The
proposed mechanism of how azide quenches singlet oxygen is as follows.

Figure 10. Mechanism of azide quenching singlet molecular oxygen (22).

19

Literature review suggests that azide concentration higher than 10 mM will completely
quench ACWOP signals (23). Unfortunately, almost all stock IgG solutions from manufacturers
contain azide because azide is an effective preservative that prevents microbial growth inside the
solution. Azide is present in n-mouse IgG and goat IgG that I frequently used. Azide
concentration in these stock IgG solutions is much above the threshold, meaning there is enough
azide in the stock solution to quench ACWOP signals and negatively affect the sensor. For
example, the n-mouse IgG from Santa Cruz Biotechnology comes with around 100 mM azide
concentration in the stock solution. The theory is consistent with the fact that some of my results
using azide-containing n-mouse IgG have no or very low signals.

2.4 Dialysis of IgG stock solutions.
Continuing from section 3, there are many ways to remove azide. Common practices
include dialysis, desalting, and using a purification kit (24). After literature research, I decided to
use dialysis to remove azide, which is effective, efficient, affordable, and relatively easy to
perform in the lab. The dialysis equipment used was Slide-A-Lyzer dialysis cassette 3.5K
MWCO from Thermo Scientific.
Dialysis is the most common method to separate microscale particles of different sizes.
Generally, the bigger the difference of sizes, the better the separation. Thanks to the large
difference of sizes between small inorganic molecules and large organic biomolecules, dialysis is
especially effective in separating the two apart. And this applies to my case, where I wanted to
separate azide ions from IgG molecules to remove azide. An azide ion has a molecular weight of
21 g/mol and has a linear structure of a length about 2.32 Å, while an IgG molecule has a
molecular weight of 150 kDa or about 150,000 g/mol and a length of 150 Å. It is obvious that
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IgG is much larger than azide, making the separation by dialysis feasible and effective. I chose to
use a 3.5 kDa dialysis membrane. 3.5 kDa is the cutoff molecular weight, which means that any
molecule smaller than 3.5 kDa is free to pass through the membrane, while the membrane is
impenetrable to any molecule larger than 3.5 kDa. This ensures that all azide ions can freely pass
the membrane to enter and exchange with the outside medium, while any IgG molecule is
contained within the membrane. Azide ions diffuse through the membrane because there is a
concentration gradient (25). The buffer outside is pure PBS without any azide ion, while the
stock IgG solution inside the membranes has a high concentration of azide. This guarantees that
azide ions flow out toward the PBS buffer and azide concentration of stock IgG solution is
reduced.
In theory, the efficiency of separation is proportional to the ratio of buffer volume to
sample volume. The higher the ratio or the larger the difference between buffer volume and
sample volume, the better the separation (25). For my case, I dialyzed a sample volume of 0.5
mL stock IgG against 450 mL PBS buffer, and this in theory can reduce azide concentration by
450/0.5=900 times after 1 hour of dialysis. To reinforce the separation, I changed buffer two
more times after the first dialysis, and each buffer change is supposed to reduce azide
concentration by 900 times. After 3 cycles of buffer change, azide concentration of 100 mM in
the stock n-mouse IgG solution is reduced to 0.14 nM, which is way below the threshold level
where azide would have affect ACWOP readout which is 10 mM (23). With dialyzed IgG, I felt
much more confident and secure in performing any further ACWOP readouts, without the
concern of azide effect. An alternative in the lab is to use azide-free rat IgG directly purchased
from the manufacturer.
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The setup of the dialysis can be found in the Appendices section. A picture showing the
experimental setup was attached in Figure 39 in Appendix A.

2.5 Azide control experiments.
In azide effect study, I used rat azide-free IgG to prepare a serial dilution in three
identical clear plates. Plate 1 had no azide. 50 mM azide (low level) in PBS was added to each
well in Plate 2. 500 mM azide (high level) in PBS was added to each well in Plate 3. All three
plates then followed the same ACWOP readout in solution protocol as described above in section
2.1. The results were compared across the three plates to find out azide effects on an ACWOP
sensor in solution. The result of this study can be seen in Figure 21 in the Results and Discussion
section.

2.6 Demonstrating the species-independent nature of an ACWOP sensor in solution.
As dialysis removed azide and eliminated the concern that azide would affect an
ACWOP readout in solution, I moved on to use IgG free of azide to perform a series of ACWOP
readout in solution. Species tested included rat, n-mouse, and goat. Stock concentrations were
diluted to some extent for some species to better match the others. Each species was tested
following the exact same protocol of an ACWOP readout in solution as described in section 2.1
above. The results of this experiment can be seen and compared in Figure 23 and 24 in the
Results and Discussion section. The similarity among the different species was also analyzed
quantitively and statistically by using a linear regression test. The method will be discussed in
detail in the statistical methods section below. The result of the test can be seen in Figure 25.
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2.7 ACWOP readout on surface.
There are two modalities one can think of to perform an ACWOP readout. One is in
solution, where all chemicals float freely in an aqueous medium. The other is on surface, where
antibodies are immobilized. It is not hard to imagine that eventually for commercial and clinical
use, the sensor has to be on surface because of two major reasons. Firstly, a paper-based assay is
much more convenient for clinical use. More importantly, ACWOP sensor in solution is not
going to work because a patient’s serum has all kinds of antibodies that are not specific to Lyme
antigens, and performing an ACWOP in solution readout in the serum is meaningless because
the result will always be positive. Therefore, we have to think of a way to immobilize Lyme
specific antibodies and remove all irrelevant antibodies in the serum. And this can only be done
on surface. To perform ACWOP on surface, I first needed to identify a proper substrate. And it
turned out that porous silica is an ideal candidate, because it has several advantages. It has a
relatively high surface area that allows for enough antibody molecules to attach to. Calculation
shows that porous silica has an average of 400 m" /g. Silica also offers a wide range of choices
of different pore sizes from 150 Å up to 1000 Å. In addition, silica is very cheap and easily
available. This guarantees that this silica-based sensor will be affordable to patients. Porous
silica of different pore sizes including 150 Å, 300 Å, 500 Å, and 1000 Å was purchased from
Silicycle, Inc. Pore size and surface area are two factors that act against each other. In general,
the larger the pore size, the smaller the surface area available. In this case, there are two
perspectives that need to be considered. The first is about pore size. Much intuitively, pore size
has to be greater than the size of an IgG molecule which is 150 Å to allow IgG to successfully
enter the pores. However, as pore size increases, surface area available in the pores for IgG
molecules to be immobilized on dramatically decreases. Therefore, there is clearly a balance or
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happy medium that leads to the most possible IgG molecules being immobilized. And it was
found that this middle value is 500 Å for this ACWOP sensor.
During an ACWOP readout on surface, serial diluted antibodies were incubated with
functionalized silica. Each well had the same amount of silica in it. Incubation time was taken to
be 24 hours. After incubation, the whole plate was centrifuged and the supernatant was removed.
Then the whole plate was washed with PBS three times. During each wash, PBS was added and
mixed with the silica; then the plate was centrifuged and the supernatant was carefully removed
by a self-designed vacuum pump. The following protocol was basically the same as an ACWOP
readout in solution. After three washes, 100 μL PBS was added to each well, followed by 50 μL
0.2 mM Rose Bengal solution in PBS. The whole plate was then illuminated with green light for
30 minutes. 50 μL HRP-HPA mixed solution in PBS was added to each well after illumination.
After 1 minute to wait for the reaction to occur, 20 μL 0.1N NaOH solution in PBS was added to
each well to facilitate readout. 200 μL solution was then transferred from the clear plate to a new
unused dark plate. Readout was done with a plate reader with excitation at 320 nm and emission
at 405 nm for HPA fluorescence. In data analysis, the last well was chosen as the reference point
or zero value. Signals from all other wells were deducted by the signal from the last well. The
result of an ACWOP readout on surface can be seen in Figure 27 and 28.
During a secondary readout, IgG-B was first immobilized on DNP-coated silica (500 Å)
during a 24-hour incubation at room temperature (25 °C), followed by a PBS wash step to
remove all unbound IgG-B. During a wash step, 50 mL of PBS was filled and mixed with the
silica in a conical tube, which was then centrifuged at 4000 RPM for 3 minutes, and the
supernatant was removed by a self-designed vacuum pump. The wash protocol was repeated 3
times for each batch of silica. After 3 more wash steps, the silica complex was incubated with
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secondary antibodies diluted solution at 0.133 μM, just to further reduce the possibility of nonspecific binding of secondary antibodies. Secondary antibodies used was Alexa Fluor 555 goat
anti-mouse IgG at 13.3 μM stock concentration, with an excitation wavelength of 555 nm and an
emission wavelength of 580 nm. After another 24 hours of incubation, 3 more wash steps with
PBS were performed to remove unbound secondary antibodies. Then 100 μL PBS was added to
each well as an aqueous medium and a fluorometric readout was conducted, the result of which
can be found in Figure 29.
Functionalization of silica followed a lengthy protocol developed and adapted by Andy
Sanchez. Because it is not the primary concern of this project, the exact protocol was not
included here but illustrated in Figure 41, 42, and 43 in Appendix C for references.

2.8 Comparison of modalities of the presence of Rose Bengal in an ACWOP sensor on
surface.
While it was clear that antibodies should be immobilized on porous silica surface, it was
up in the air whether photosensitizer molecules should be immobilized on porous silica surface
as well, as opposed to leaving the photosensitizer molecules in solution. And I tested and
compared these two different modalities—Rose Bengal floating in solution and Rose Bengal
conjugated on porous silica.
The procedure was exactly the same as described above in section 7. I had two plates,
each with a different modality. Both followed the same ACWOP readout on surface protocol,
and the results were compared and can be found in Figure 27, 28, and 30.
For initial antibody immobilization trials, I used biotinylated IgG or IgG-B for short and
NeutrAvidin-coated plates. N-mouse IgG-B was obtained from Santa Cruz Biotechnology.
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NeutrAvidin-coated plates were purchased from Thermo Scientific. Serial diluted IgG-B solution
was incubated in a NeutrAvidin-coated plate for 24 hours, and because of the strong interaction
between biotin and avidin, biotinylated antibodies would be immobilized on the NeutrAvidincoated surface after incubation. Wash protocol with Tween-20 (0.05% v/v in PBS) followed
incubation to wash off unbound antibodies. The washing step was repeated three times to
guarantee thorough cleaning. Tween-20 is a non-ionic detergent widely used in biochemical
applications, effective in removing floating proteins such as antibodies. Tween-20 was obtained
from Sigma Aldrich Chemistry.

2.9 Antibody cleaving project.
In light of that fact that I have a successful record of performing ACWOP in solution,
which demonstrates that I fully understand what I am doing with ACWOP in solution and that I
have confidence repeating ACWOP in solution successfully, I thought of an idea that could turn
what I do not yet well understand into something I have confidence in. More specifically, I
wanted to first immobilize antibodies on surface and then remove those immobilized antibodies
from the surface and put them in solution, and finally I can perform ACWOP in solution with
those cleaved off antibodies, the result of which should give me insight into how successfully I
immobilized antibodies on surface. By first attaching antibodies on the substrate and alter pulling
them off for a readout in solution, I would be able to know indirectly whether I was able to attach
antibodies on the surface in the first place.
To immobilize antibodies onto the surface is easy and intuitive, I followed the existing
protocols of surface functionalization. There are actually multiple ways to do so, including using
DNP and anti-DNP antibody pair or avidin and biotinylated antibody pair. I first tried DNP and
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anti-DNP on silica. DNP is dinitrophenyl. DNP-e-amino-n-caproic acid was obtained from
Sigma Aldrich Chemistry. Silica was functionalized with DNP during a lengthy chemical
synthesis process that lasts for 9 days. The detailed chemical synthesis process is thoroughly
described in the Appendices section. Chemical reaction formula and a flowchart can be found in
Appendix C. Rose Bengal was either left floating or also conjugated on silica depending on
which modality I was using. Conjugation of silica by Rose Bengal generally followed the same
protocol as DNP functionalization. Then anti-DNP IgG was applied over the surface,
immunocaptured by DNP and thus immobilized on silica. The resulting complex was then used
to perform a regular ACWOP readout, which can be found in Figure 27 and 28 in the Results and
Discussions section.

2.10

Identifying proper reagents and materials for the antibody cleaving project.
For the following antibody cleaving project, I chose to use the avidin-biotin pair for

several reasons.
Biotin is a small biomolecule commonly used for bio-labeling. It is small which makes it
ideal for labeling without disrupting the original biological functions of large biomolecules (26).
Avidin is a chemical that has a strong affinity for biotin. One avidin molecule can bind up to four
biotin molecules. Such strong affinity guarantees a strong interaction and bonding that ensures a
tight immobilization of antibodies on the surface. However, this comes at a cost. Because avidinbiotin is one the strongest known non-covalent interaction (26), it is almost impossible to
separate the two once the bonding has formed. This poses a serious question as how I can
remove immobilized antibodies from the surface. There are still ways to break the bond between
avidin and biotin, but since the interaction is so strong, very harsh and denaturing conditions are
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required to do so. For example, heating the complex at an elevated temperature and acidic
medium is needed to separate biotin from avidin. Although such way of separation is usable to
many projects, it certainly is not acceptable for this project, because I want to retain all biological
functions of the antibodies for ACWOP readout later. Apparently, using traditional regular
biotinylated antibodies is not going to work.
Fortunately, there are various ways to make cleavable biotinylated antibodies. Instead of
using regular biotin, antibodies can be biotinylated with modified biotin that allows for cleavage
and separation later on. For example, the most commonly used one is disulfide biotin. This kind
of biotin contains a disulfide bond in the linker and the disulfide bond can be cleaved under mild
reducing conditions such as dilute DTT (dithiothreitol) solution. Under these mild reducing
conditions antibodies will not denature, and it seems that I can go ahead to make disulfide
biotinylated antibodies (27). However, a closer look at the internal structure of an IgG molecule
reveals that there are actually many disulfide bonds inside an IgG molecule. For example, there
are disulfide bonds connecting the light and heavy chains in the Fab regions, and there are more
disulfide bonds in the hinge region of Fc as well. There has not been much previous research
done in this area and the effect of reducing conditions on internal disulfide bonds of an IgG
molecule remains unclear to me, so I decided to abandon this solution just to be on the safe side.
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Figure 11. Schematic of an IgG molecule showing the light chain Fab, heavy chain Fab, hinge
region, and Fc region (28).

Fortunately, I quickly identified a photocleavable biotin that can be used to biotinylate
antibodies with the potential of being cleaved by UV light illumination later on. The way it
works is that there is a bond in the linker that is sensitive to light of a certain wavelength,
typically near the range of UV light, and after some time of illumination, the bond breaks and
releases the labeled antibodies from the complex. I also researched literature and found no
existing literature or evidence showing that UV light illumination can destruct antibody
structures and destroy its biological functions, so using photocleavable biotin to biotinylate
antibodies and cleaving with UV light seems to be the optimal option for this project. IgG
biotinylated with photocleavable biotin is abbreviated as PC IgG-B for the rest of the thesis.
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There are many options for photocleavable biotin, and I chose to use PC biotin-PEG3NHS ester from Broad Pharm, because the lab is familiar with biotinylation using an ester biotin,
meaning I can easily finish biotinylation following an existing protocol.

2.11

Biotinylation of IgG with photocleavable biotin.
Following the last section, the chemistry behind biotinylation is as follows. The NHS or

N-hydroxysuccinimide at the end of the biotin molecule targets and reacts with terminal amino
groups that are located at various locations in an IgG molecule (29). An amide bond is formed
and biotin is attached to the antibody as a result.

Figure 12. Reaction mechanism of NHS ester and amino groups (29).

This reaction is supposed to spontaneously take place and go to completion under room
temperature (25 °C) upon mixing, without the addition of any other chemicals or the help of any
other external force such as stirring or shaking. The incubation step could be 30 minutes under
room temperature (25 °C) or 2 hours on ice to prevent microbial growth. Since this project is not
a biological experiment but rather a sensor development, microbes are generally not considered
harmful and capable of negatively affecting the sensor, so incubation for 30 minutes at room
temperature (25 °C) was adopted. A 20-fold molar excess of biotin was used to guarantee
thorough biotinylation of all antibody molecules. For example, n-mouse IgG which comes as
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2.67 μM, 5.33 μL 10 mM biotin stock solution was added for biotinylation. Goat isotype IgG
which comes as 33.33 μM was biotinylated with 60 μL 10 mM biotin stock solution. Following
biotinylation, there was an overnight 16~20 hours dialysis to remove unreacted biotin molecules
from the solution (27). Any azide ions originally present in the stock solution were also removed
during this step, so PC IgG-B in this project is assumed to be free of azide. The reason why I
performed dialysis after biotinylation is that any unreacted biotin molecules still left in the
solution can compete with biotinylated IgG for available avidin-binding sites and this could
result in a potential incomplete immobilization of IgG on surface, reducing the amount of
available IgG-B in the wells and potentially reducing readout signals. This competition between
biotin and IgG-B is supposed to be especially severe and detrimental to wells with lower IgG
concentrations, such as the last few wells in a trial that only have a minimal amount of IgG-B in
them.

2.12

Antibody immobilization and ACWOP and secondary readout on surface using PC

IgG-B.
I first immobilized PC IgG-B on a NeutrAvidin-coated plate and performed an ACWOP
readout and secondary readout to confirm primary antibody immobilization.
Then I moved on to immobilize PC IgG-B on porous silica for larger available surface
area. Porous silica was pre-coated with Neutravidin following a surface functionalization
protocol. Silica from the manufacturer was functionalized with mercaptan, NHS, and finally
Neutravidin in this order. The detailed silica synthesis protocol is not described here as it is not
the primary concern of this project and it was also mostly in charge by Andy Sanchez. As I
mentioned before, I was certain that porous silica with a pore size of 500 Å have enough surface
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area and big enough pores for IgG molecules to enter and be immobilized. And I did ACWOP
readout and secondary readout again to confirm the presence of IgG-B on the surface.
During an ACWOP readout, PC IgG-B was first immobilized on NeutrAvidin-coated
silica (500 Å) during a 24-hour incubation at room temperature (25 °C), followed by a PBS wash
step to remove all unbound PC IgG-B. During a wash step, 50 mL of PBS was added and mixed
with the silica in a conical tube, which was then centrifuged at 4000 RPM for 3 minutes, and the
supernatant was removed by a self-designed vacuum pump. The wash protocol was repeated 3
times for each batch of silica to ensure thorough cleaning. 100 μL PBS was then added to replace
the PC IgG-B solution as a medium. The following protocol was basically taken from a regular
ACWOP readout in solution as described in section 2.1 of the Methods and Materials section.
The result of this experiment can be found in Figure 31.
During a secondary readout, PC IgG-B was first immobilized on NeutrAvidin-coated
silica (500 Å) during a 24-hour incubation at room temperature (25 °C), followed by a PBS wash
step to remove all unbound PC IgG-B. During a wash step, 50 mL of PBS was filled and mixed
with the silica in a conical tube, which was then centrifuged at 4000 RPM for 3 minutes, and the
supernatant was removed by a self-designed vacuum pump. The wash protocol was repeated 3
times for each batch of silica. And then the silica complex was incubated with a 10% BSA
solution for 24 hours at room temperature (25 °C). BSA, or bovine serum albumin, is a common
and effective blocking agent used to block unused binding sites thanks to its small size and
stability. Because porous silica has such a high surface area, using a blocking agent to block all
the unused binding sites to reduce non-specific antibody adhesion rate is very essential and can
effectively reduce background noise of the readout (30). After 3 more wash steps, the silica
complex was incubated with secondary antibodies dissolved in 10% BSA solution, just to further
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reduce the possibility of non-specific binding of secondary antibodies. Secondary antibodies
used was Alexa Fluor 555 goat anti-mouse IgG. This secondary antibody is already fluorescent,
with an excitation wavelength of 555 nm and an emission wavelength of 580 nm, so no more
fluorophore needs to be added for readout. Stock secondary antibody solution at 13.3 μM was
diluted 100 times by PBS to 0.133 μM for use. After another 24 hours of incubation, 3 more
wash steps with PBS were performed to remove unbound secondary antibodies. Then 100 μL
PBS was added to each well as an aqueous medium and a fluorometric readout was conducted,
the result of which can be found in Figure 32.

2.13

Cleaving immobilized PC IgG-B with UV light.
After confirmation of successful immobilization of PC IgG-B on porous NeutrAvidin-

coated silica substrate, I went on to cleave antibodies off of the surface by UV light illumination.
UV lamp used is a low-intensity 320-380 nm Dymax Flood UV Lamp available in the
laboratory. Each plate was illuminated for 1 minute that would allow for over 90% of the
photocleavable linkers to break and release antibodies according to the official protocol (31). For
every 10 seconds, the plate was taken out of the lamp to cool down and mix to ensure thorough
illumination. Cleaved off antibodies were then extracted in 100 μL PBS and used to perform a
regular ACWOP readout in solution, the protocol of which has already been described above in
section 2.1.
The setup of the UV cleaving experiment can be found in the Appendices section. A
picture of the experimental setup of the UV lamp and the plate is attached in Figure 40 Appendix
B.
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2.14

Statistical methods used to analyze the data.
Each experiment has a different number of trials, usually ranging from 1 to 8. One row

with twelve wells on a 96 well plate corresponds to one trial. One run is usually synonymous
with one plate. One run can include one trial or many trials, depending on how many rows are
being used on that plate. The number of trials for each experiment will be noted in the caption of
the figure showing the result of that experiment, as in, for example, “average of 4 trials”.
For the ACWOP project, average of the dependent value (fluorescent signal) of all the
trials corresponding to each independent variable (e.g. IgG concentration, H" O" concentration)
was calculated according to the following formula,
Σ𝑥
𝑛
where x is sample value, and n is the number of trials.
Each data point has an error bar uniquely associated with it, unless there was only 1 trial
for that experiment. Error bars were calculated from the standard deviation among all the trials.
The error bars used were bidirectional: both positive value and negative value was taken to be
the absolute value of the standard deviation. The built-in function STDEV.P in Excel 2019 was
used to find the standard deviation. It is in essence the standard deviation for population. It
calculates the standard deviation based on the entire population given as arguments. Since for
each trial, the concentrations tested ranged widely from stock solution down to the nanomolar
region, I deemed the sample roughly represented the entire relevant population, and thus using
STDEV.P function is reasonable.
The formula for calculating the standard deviation is as follows,
@

Σ(𝑥 − 𝑥̅ )"
𝑛
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where x is the sample value, 𝑥̅ is the sample mean average, and n is the number of samples or
sample size.
The standard deviation is a measure of how widely values are dispersed from the average
value or the mean value, and is thus a good representation of the error bars for each data point.
Error bars were then taken to be the standard deviation for each independent variable.
For several experiments of this ACWOP project, similarity among different curves needs
to be analyzed and evaluated. To do this, the degree of similarity needs to be quantified using a
statistical method. There are many ways to do so. The method I chose to compare how similar
these curves are is by first taking the mean of the absolute value of the difference between
dependent values (fluorescent signals) of the curves for each independent value (antibody
concentration). The reason why I chose this method is that it is simple to calculate, provides a
straightforward measure of the difference among the different curves, and also takes into account
the number of samples. The mean of difference is a pure value, which is usually enough to be a
good indicator of the difference, but it can also be divided by the average of the highest
dependent value as a percentage to offer an even deeper measurement.
For comparing two data sets or two separate curves, the formula for calculating the mean
of differences is as follows,
𝑑1" =

Σ|𝑥1 − 𝑥" |
𝑛

where 𝑑1" is the mean of differences between the two sets of data, 𝑥1 is the sample value from
the first set of data, 𝑥" is the sample value from the second set of data, and n is the number of
samples or sample size for both data sets.
For percentage calculation of two data sets,
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𝑝=

𝑑1"
Σ(𝑥
+𝑥
)
( 1IJK 2 "IJK )

where p is the percentage of mean of difference in the average of the highest value, 𝑑1" is the
mean of differences between the two sets of data, 𝑥1IJK is the highest sample value from the
first set of data, 𝑥"IJK is the highest sample value from the second set of data.
For comparing more than two data sets or two separate curves (three or more), the mean
of differences between any two curves were found first, and then the average of the means of
differences between any two curves was calculated.
Σ|𝑑1" + 𝑑"2 + 𝑑12 + ⋯ |
𝑛
where 𝑑1" is the mean of differences between set 1 and set 2, 𝑑"2 is the mean of differences
between set 2 and set 3, 𝑑12 is the mean of differences between set 1 and set 3, and so on until all
the combinations are exhausted, and n is the number of pairs.
For percentage calculation of more than two data sets,
𝑝=

Σ(𝑑1" + 𝑑"2 + 𝑑12 + ⋯ )
Σ(𝑥
+ 𝑥"IJK + 𝑥2IJK + ⋯ )
( 1IJK
)
𝑛

where p is the percentage of the average of the means of difference in the average of the highest
value, 𝑑1" is the mean of differences between the two sets of data, 𝑑"2 is the mean of differences
between set 2 and set 3, 𝑑12 is the mean of differences between set 1 and set 3, and so on until all
the combinations are exhausted, and n is the number of data sets or curves to be compared.
This method was used to analyze the similarity of the three different curves
corresponding to three chosen HRP concentrations as shown in Figure 15.
Alternatively, I could also perform a two-way ANOVA test for the HRP concentration
optimization experiment. A two-way ANOVA takes in two separate independent variables—in
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this case, hydrogen peroxide concentration (variable 1) and HRP concentration (variable 2). It
examines the influence of two separate independent variables (IgG concentration and HRP
concentration) on one dependent variable (fluorescent signal). The actual ANOVA test was done
by Excel 2019 data analysis tool package. The null hypothesis 𝐻N is always that the data sets are
the same, and the alternative hypothesis 𝐻J states that the data sets are different. The
significance level 𝛼 or Type I error probability was set to be 0.05, which is a common standard.
And the p-value was found to be 0.071. According to the commonly used p-value interpretation
table, a p-value greater than 0.05 suggests that there is no sufficient evidence to accept the
alternative hypothesis. Therefore, I adopted the null hypothesis, which states that the three data
sets have no significant difference. This also suggests that the three chosen HRP concentrations
generated the same signals.
However, for data sets with different independent variables that are off and staggered
such as the case with ACWOP readout with different species as in Figure 22 and 23 (each
species has a different starting concentration), this direct one-on-one comparison calculating the
mean of differences or two-way ANOVA is not applicable. I therefore adopted a linear
regression test to see whether all the data points from different groups combine to form a
homogeneous line or not on a double ln scale.
The way I performed a linear regression test is that I first combined all the data points
from all different data sets as if they were originally from the same data set. I then plotted all the
data points on a ln-ln scale or applied ln to both independent values and dependent values, so that
I obtained a scatter plot that roughly suggests a straight line going from the bottom left to the
upper right. Noises mostly with negative signals were excluded from the ln-ln plot. I then
performed a linear regression analysis of this scatter plot, found a line of best fit as well as its
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equation and 𝑅" value using the least square method. I then compared this 𝑅" value to 1 and its
closeness to 1 should tell me whether the different data sets have a good match among
themselves. The better the data points from different data sets merge to form a single straight
line, the more similar the data sets are. The actual test was completed by Excel 2019 Data
Analysis Tool Package. The result of the best fitting line is seen in Figure 25 in the Results and
Discussions section.
An alternative is to use a multiple regression analysis, which is slightly more complicated
but also more rigorous. Variable 1 was chosen to be IgG concentration, which is numerical and
takes the value of IgG concentrations. And variable 2 was chosen to be species, which is
categorical and takes rat as 1, n-mouse as 2, and goat as 3. The order does not matter. The
equation of a multiple regression test for this case is given below,
𝑓 = 𝑘1 𝑥1 + 𝑘" 𝑥"
where f is fluorescent signal, 𝑘1 is the coefficient for variable 1 (IgG concentration), 𝑘" is the
coefficient for variable 2 (species), 𝑥1 is IgG concentration, and 𝑥" is species number.
After a multiple regression test done by Excel 2019 Data Analysis Tool Package, the pvalue of the coefficient for variable 1 𝑘1 is extremely small (2.03 × 10X1Y ), suggesting variable
1 leads to significant differences among signals, which makes sense because fluorescent signals
are IgG-dependent. The p-value of the coefficient for variable 2 𝑘" is instead rather big (0.081),
suggesting that variable 2 leads to insignificant difference in signal output, which in turn
suggests that signals among different species are the same. This helps demonstrate the speciesindependent nature of the sensor in solution.
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CHAPTER 3
RESULTS AND DISCUSSION
2.1 HPA Fluorescence Detection of Stock Hydrogen Peroxide.
To get started with the project, I first have to make sure the concept of an ACWOP sensor
works. To be more specific, hydrogen peroxide in solution has to be able to generate some
detectable signal by the plate reader. HPA or hypophosphorous acid is a good candidate for
readout reagent as it turns into a fluorescent dimer upon reaction with hydrogen peroxide. And to
verify this, I performed stock hydrogen peroxide detection experiments, where I included
everything inside the well to mimic the actual environment of an ACWOP sensor, but instead of
performing an actual ACWOP reaction, I added in stock hydrogen peroxide. And the result
shows a clear IgG-dependent curve, decently high signals, and minimal variation as
demonstrated by very tight error bars. The is expected and promising, showing that first of all,
HPA is a good fluorophore for the sensor, and second of all, detection of hydrogen peroxide
production in solution works.
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HPA Fluorescence Detection of Stock Hydrogen Peroxide
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Figure 13. HPA fluorescence detection of stock hydrogen peroxide. Experiment was done in
triplicate with a total of 6 trials. Signals are the average of 6 trials. Error bars are the standard
deviation of the 6 trials.
2.2 ACWOP Readout in Solution Using HPA as the Fluorophore.
With the success of HPA detection of stock hydrogen peroxide, I moved on to perform an
actual ACWOP readout in solution. This was first done with rat azide-free IgG from the
manufacturer. Again, the result looks promising and expected as a clear IgG-dependent curve.
An IgG-dependent curve means that the more antibodies available, the higher the fluorescent
signals. This makes sense because fluorescent signal is proportional to how many HPA dimers
are generated; HPA dimers are proportional to how many antibodies are available. This
demonstrates that fluorescent signals were generated as a result of the antibody-catalyzed
reaction and in turn proves the validity of an ACWOP sensor in solution.
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ACWOP readout in solution
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Figure 14. HPA detection of hydrogen peroxide generated by ACWOP. ACWOP readout was
done in solution. Average of 3 trials. Error bars are standard deviation.
2.3 Comparing ACWOP Signals Using Different HRP Concentrations.
After I proved the validity of an ACWOP sensor in solution, I went on to optimize
several parameters of the ACWOP sensor in solution, in an effort to increase signals and reduce
noise and variation. I first verified that HRP concentration within a certain range has no effect on
signal magnitude. According to the HRP optimization experiment done by my lab mate Andy
(Figure 16), this range is from about 0.04 μM up to 2.5 μM. For this experiment, I went back to
detect stock hydrogen peroxide. The 3 different concentrations of HRP I chose to verify is 0.3
μM, 0.6 μM, and 1.0 μM, all of which fall within the 0.04 μM to 2.5 μM range. As can be seen
from the plot (Figure 15), the 3 different concentrations lead to very similar results as
demonstrated by the close similarity of the 3 curves, which successfully verified that within a

41

certain range of HRP concentration, ACWOP readout signal is unaffected by how much HRP is
present in the solution. And for the sake of saving chemicals, I chose to stick to 0.3 μM for all
future experiments.
A similarity analysis among the three curves were performed, according to the statistical
method described in the Methods and Materials section. The mean of differences between 1 μM
and 0.6 μM was found to be 162, between 1 μM and 0.3 μM is 247, and between 0.6 μM and 0.3
μM is 285. All of them are very low, especially compared to the higher data points. The average
of the means of differences is 231.6. In fact, the average of the highest data point is 42981.7, so
the average of the means of differences is only about 0.54% of the highest signal, which is low
enough to prove that there is no significant difference among the three curves.

ACWOP readout with different HRP concentrations
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Figure 15. ACWOP readout with different HRP concentrations. Verification of the HRP
optimization result in Figure 13. One trial for each HRP concentration. No error bars. A
similarity analysis was performed.

ACWOP readout in solution with different HRP concentrations
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Figure 16. HRP optimization and verification result. One trial for each HRP concentration. No
error bars. Image courtesy of Andy Sanchez.
2.4 Optimization of Green Light Illumination Modalities.
The next parameter I optimized was the green light illumination modality. Given the type
of 96 well plate and the configuration of the light bulbs we had, there are four different
illumination modalities one can think of. For plate type, there were dark and clear plates. For
configuration, the plate can either sit directly on bulbs or be placed below light bulbs at a
distance. The mix of the two parameters gives four different modalities. As a note, I did not
actually perform the modality where I would place a dark plate sitting directly on bulbs, because
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I expected that no light can penetrate through the bottom of a dark plate so the result would be
trivial.

Figure 17. Four different modalities of green light illumination during ACWOP.

And the result shows that the modality where a clear plate is sitting directly on bulbs
generated the highest signals, followed by a clear plate placed under the light bulbs, and
followed by a dark plate placed under the light bulbs. This result is intuitive, and can be
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explained by how much light and how concentrated the light enters the wells of the plate. A clear
plate certainly allows more light to come inside the wells, and placing the plate directly on the
bulbs leads to much more concentrated light in each well than the plate placed at a distance from
the light bulbs. We decided to stick to the third modality in Figure 17 for all future experiments.
The actual experimental setup can be found in the Appendices section. A picture of the setup is
included in Appendix D.

ACWOP readout with different illumination modalities
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Figure 18. ACWOP readout with three different illumination modalities. Study of effects of
illumination modality on ACWOP readout signal. Average of 4 trials for each modality. Error
bars are standard deviation of 4 trials.
2.5 Optimization of Green Light Illumination Time.
Then I tried to study the effect of green light illumination time on signal magnitude. The
time I chose was 15 minutes, 30 minutes, 45 minutes, and 60 minutes. For this experiment, I did
not perform actual ACWOP but used ascorbic acid as a substitute in order to save antibody
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consumption. Ascorbic acid is also able to turn HPA into its fluorescent dimer, just like
hydrogen peroxide. I performed 3 trials, and each trial suggested a different trend. I concluded
that illumination time does not have a strong effect on signal magnitude at least within a certain
range. The theory behind this phenomenon is that there is a threshold time where all the
materials have been consumed, and any more illumination beyond that time will not add any
more signal.

Fluorescence signal comparison with different green light
illumination time
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Figure 19. HPA fluorescent signal readout with different green light illumination time. Study of
effects of illumination time on ACWOP readout signal. Average of 2 trials for each illumination
time. Error bars are standard deviation of 2 trials.
2.6 ACWOP Readout of IgG with Azide.
It is known from literature and theory that azide is a strong singlet oxygen quencher and
can thus quench ACWOP signals. Azide can also interfere with antibody conjugation and inhibit
the enzymatic activity of horseradish peroxidase (HRP), which is required in the last step as a
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catalyst to generate a detectable signal (24). On the other hand, azide is a commonly used
preservative for antibody coming from manufacturers because it helps prevent microbial growth.
And it is known that most antibodies used in this project contain azide beyond the threshold level
where it would make ACWOP signals go away. In practice, specifically for our ACWOP sensor,
however, azide did not completely quench ACWOP signals, but led to unexpected ACWOP
readout result that has a curvature instead of a clean IgG-dependent curve. This ACWOP
experiment was done using stock n-mouse IgG from the manufacturer that has a 0.5% azide in it.
Notice that in this experiment, azide was serial diluted as well, so the well with the highest IgG
concentration also had the highest azide concentration in it, and so forth. The curvature could be
explained by the fact that as serial dilution reduces azide concentration in the well, azide level
drops below the threshold level and is no longer able to completely quench singlet oxygen and
affect ACWOP readout.
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ACWOP readout in solution of stock n-mouse IgG with azide
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Figure 20. ACWOP readout of stock non-dialyzed n-mouse IgG with azide. Average of 2 trials.
Error bars are standard deviation of 2 trials.

2.7 Study of Azide Effects on the ACWOP Sensor.
In order to find out azide effects on our ACWOP sensor specifically, I did an azide
control experiment as described above in the methods section, where I added azide in controlled
amount back into azide-free IgG. The result was shown in Figure 21. Consistent with literature
and theory, low azide level reduced ACWOP signals, and high azide level quenched ACWOP
signals.
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ACWOP readout in solution using rat IgG with different azide
levels
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Figure 21. ACWOP readout in solution with different azide concentrations.
2.8 ACWOP Readout in Solution with Dialyzed Azide-Free IgG.
In order to eliminate azide effect on the ACWOP sensor, I needed to find out a way to
remove azide from stock IgG solutions. There are many ways to achieve this including dialysis,
desalting, and purification kit. I chose to use dialysis because it is relatively easy and convenient
to perform in my lab given the existing dialysis kit available for use. More specifically, I used
Thermo Fischer’s Slide-A-Lyzer dialysis cassette at 3.5K MWCO. MWCO stands for molecular
weight cutoff. This semi-permeable membrane has a cutoff at 3.5 kDa, which means that any
molecule larger than 3.5 kDa is retained within the membrane while any molecule smaller than
3.5 kDa is free to pass through the membrane and exchange with the buffer outside (25). From
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literature, I know that azide ion has a size of 65 Da, while IgG has an average size of 150 kDa,
which is much larger than an azide ion. This vast difference of the size makes sure that azide ion
can move across the membranes while IgG cannot. I used 450 mL PBS buffer to dialyze 0.5 mL
n-mouse IgG at a time. In theory, the buffer to sample volume ratio 450:0.5 (=900) is how many
times the concentration of sodium azide will be reduced after each cycle of dialysis or buffer
change (25). I changed buffer solution after each hour and did 3 complete cycles in total (3
buffer changes). In theory, concentration of sodium azide will be reduced
900×900×900=7.29×10Z times (i.e. 100 mM would now come down to 0.14 nM in the
nanomolar range). I am confident that azide level after a thorough dialysis will be much lower
than the 10 mM threshold concentration and should no longer affect ACWOP readout.
Then I performed ACWOP in solution with this dialyzed n-mouse IgG. And now the
curvature goes away, leaving me with a clean IgG-dependent curve.
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ACWOP readout in solution using dialyzed n-mouse IgG
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Figure 22. ACWOP readout of dialyzed azide-free n-mouse IgG. Average of 3 trials. Error bars
are standard deviation.
Comparison with rat azide-free IgG shows the results are similar to each other, which
suggests that removal of azide by dialysis was effective. Since the two samples had a vastly
different IgG stock concentration, a regular similarity analysis between the two curves was not
possible. However, for this case, a simple look at the patterns of the data is enough to roughly
demonstrate that the two curves look similar to each other, and this is good enough for the
purpose of the development of a species-independent sensor. A more rigorous statistical method
using linear regression model is also viable and will be discussed later in the next section.
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ACWOP readout using dialyzed and azide-free IgG
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Figure 23. ACWOP readout using dialyzed n-mouse IgG and azide-free rat IgG from
manufacturers. Average of 3 trials for n-mouse; error bars are standard deviation. One trial for
rat and no error bars.
2.9 ACWOP Sensor in Solution with Different Species.
With the confidence that dialysis works effectively in removing azide, I went on to
perform ACWOP readout using IgG of various species. This has significance because the most
important feature of this novel Lyme disease sensor that I have been developing is its speciesindependent nature, which means that IgG of different species should lead to similar ACWOP
readout results. And this is exactly what I was testing in this experiment. Species I tested include
n-mouse, rat, and goat. Rat IgG comes azide-free from the manufacturer, while n-mouse and goat
IgG come with azide in them as a preservative, so I performed dialysis before performing an
ACWOP readout. The similarity among the different species demonstrates the species-
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independent nature of our ACWOP sensor in solution. For the same reason as above, since IgG
concentrations are not aligned, a direct similarity analysis or comparison is not possible among
the three curves. However, simply eyeballing the data tells us that the three curves generally
align with each other.

ACWOP in solution using azide-free IgG of different species
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Figure 24. ACWOP readout with azide-free IgG from various species. Average of 6 trials for
each species. Error bars are standard deviation. Both linear regression test results are attached.
A more rigorous statistical analysis of the similarity was also performed. The linear
regression method was described above in the methods section. Just as an additional note, I
removed most of the noises below [IgG]=0.03 μM so that there is no negative signal in the ln-ln
plot. The result of the best fitting line is shown below in Figure 25. 𝑅" value is 0.8211, which for
my purpose is close enough to 1 and indicates that there is no significant difference in ACWOP
signal among the different species.
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ACWOP readout in solution with all species combined (ln-ln)
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Figure 25. ACWOP readout in solution with all species combined with both IgG concentrations
and fluorescent signals converted by ln. Dotted line in blue is the best fitting line. Its equation
and 𝑅2 value are attached in the box.
As an additional confirmation, another multiple regression analysis was performed and
the result was shown in the box in Figure 24. The large p-value of the coefficient for species
suggests that species variation does not contribute to significant difference in signal output,
which reinforces the conclusion that ACWOP sensor in solution is independent of species.

2.10

ACWOP Readout on NeutrAvidin-Coated Surface.

With the success of ACWOP sensor in solution, I moved on to try ACWOP sensor on
surface. The first antibody-substrate pair I tested was biotinylated IgG and avidin given the
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strong interaction between biotin and avidin. More specifically, I used manufactured
NeutrAvidin-coated plates and manufactured n-mouse IgG-B. The results, however, are not
promising because we failed to see a clean IgG-dependent trend as we saw before with ACWOP
readout in solution. In fact, most signals went away and became pure noise, demonstrating there
was no signal generated or detected. The reason was soon thought to be a lack of enough surface
area of the NeutrAvidin-coated flat surface for IgG-B immobilization. This experiment also ruled
out NeutrAvidin-coated surface as a suitable candidate for ACWOP sensor on substrate.

ACWOP readout of IgG-B on NeutrAvidin-coated surface
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Figure 26. ACWOP readout of IgG-B on NeutrAvidin-coated surface. Average of 2 trials. Error
bars are standard deviation.

2.11

ACWOP Readout on Porous Silica.

The next substrate I tried was porous silica. Porous silica of various pore sizes was tested
and compared. Porous silica is known to have a large surface area enough for antibodies to be
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immobilized on. Since it is a preliminary testing stage, cheap, readily available, and easy to use
DNP and anti-DNP antibodies were used in lieu of other more expensive antigen and antibody
pairs. Porous silica was first functionalized with DNP, and then primary anti-DNP antibodies
were applied and immobilized on silica. The resulting complex was then used to perform an
ACWOP readout and secondary readout on surface. In both Figure 27 and 28, different silica
pore sizes were tested including 300 Å, 500 Å, and 1000 Å. Species tested include n-mouse and
goat. In Figure 27, modality used was Rose Bengal conjugated on 300 Å silica. In Figure 28,
modality used was Rose Bengal in solution. The two different modalities of Rose Bengal
presence will be further compared and discussed in the next section. In both modalities, however,
500 Å silica generated the best result (higher signals than others), suggesting that 500 Å silica is
the optimal substrate for the ACWOP sensor, providing both a large enough surface area and a
big enough pore size.

Fluorescent ACWOP of anti-DNP IgG immunocaptured on DNPsilica with different pore sizes (RB on 300 Å silica)
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Figure 27. ACWOP readout of anti-DNP IgG on DNP-silica of different pore sizes. Rose Bengal
was conjugated on 300 Å silica. One trial for each modality. No error bars. More trials with
similar results were done by Andy Sanchez and were not included here.

Fluorescent ACWOP of anti-DNP IgG immunocaptured on DNPsilica with different pore sizes (RB in solution)
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Figure 28. ACWOP readout of anti-DNP IgG on DNP-silica of different pore sizes. Rose Bengal
was floating in solution. One trial for each modality. No error bars. More trials with similar
results were done by Andy Sanchez and were not included here.
As shown in Figure 29, secondary readout also confirmed the result that 500 Å silica
provides the best ACWOP readout, as demonstrated by the much higher fluorescent signals using
500 Å silica. In fact, above IgG concentration = 0.83 μM, signals became overflow, meaning that
signals were too high to be detected by the plate reader in the lab.
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Secondary readout of primary anti-DNP IgG
immunocaptured on DNP-silica with different pore sizes
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Figure 29. Secondary readout of anti-DNP IgG on DNP-silica of different pore sizes. One trial
for each modality. No error bars. More trials with similar results were done by Andy Sanchez
and were not included here.
2.12
Comparison of Modalities of Rose Bengal Presence in ACWOP Readout on
Substrate.
In addition, two different modalities of Rose Bengal presence were also tested and
compared in this experiment. The two modalities are Rose Bengal in solution and Rose Bengal
immobilized on silica (500 Å). The results are shown in Figure 30. It is clear that Rose Bengalconjugated silica generated higher signals than Rose Bengal in solution. This can be explained
by the hypothesis that Rose Bengal when conjugated with silica has a higher chance of getting in
contact with antibodies, which are also conjugated with silica.
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Fluorescent ACWOP of goat anti-DNP IgG immunocaptured on
500 Å DNP-silica
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Figure 30. ACWOP readout of anti-DNP IgG on DNP-coated silica (500 Å). One trial for each
modality. No error bars. More trials with similar results were done by Andy Sanchez and were
not included here.
2.13

ACWOP and Secondary Readout on Porous Silica with PC IgG-B.

Then I moved on to use PC IgG-B, which was n-mouse IgG biotinylated with
photocleavable biotin by me. The short name PC IgG-B will be used throughout this thesis. The
results are not promising. Neither ACWOP readout nor secondary readout shows a clean IgGdependent trend. In fact, signals mostly went away and became pure noise. This, however, as we
already know, is due to the lack of surface area of NeutrAvidin-coated surface.
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ACWOP readout using rat and n-mouse PC IgG-B on
NeutrAvidin-coated plate
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Figure 31. ACWOP readout of PC IgG-B on NeutrAvidin-coated surface. Average of 8 trials.
Error bars are standard deviation of 8 trials.

Secondary readout using rat and n-mouse PC IgG-B on
NeutrAvidin-coated plate
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Figure 32. Secondary readout of PC IgG-B on NeutrAvidin-coated surface. Average of 4 trials
for n-mouse. Error bars are standard deviation of 4 trials. One trial and no error bars for rat.
Also, just as a side comment, the error bars in the two plots above are relatively loose
(because the standard deviations are big). This was mainly due to my lack of technique in this
novel experiment and could be easily improved with more practice. There were many factors that
could have contributed to this large variation that I could think of. For example, I found it very
challenging to put the same amount of silica in each well via pipetting due to unequal mixing and
shaky hands. Also, it is unavoidable that different trials received slightly different amount of
incubation time, which could also be an uncontrolled factor. The same explanation holds for the
following plots with relatively loose error bars as well.
2.14

ACWOP and Secondary Confirmation of PC IgG-B on Porous Silica.

Aware that regular NeutrAvidin-coated surface does not have high enough surface area
for an ACWOP sensor to work on surface, I moved on to try the sensor on NeutrAvidin-coated
porous silica. The synthesis of avidin-silica was already described in the Methods and Materials
section. I immobilized PC IgG-B on avidin-silica and performed successful ACWOP readout and
secondary readout. My results were also compared with Andy’s results where he used
manufactured IgG-B. The similarity between our results suggested that biotinylation of IgG with
photocleavable biotin by me was successful. The ACWOP readout turned out neither promising
nor disappointing, or neither as expected nor completely surprising. After 4 trials that I did on
different dates and with different PC IgG-B batches, there seems to be an IgG-signal correlation.
And the loose error bars were simply due to my lack of technique and familiarity, which can be
improved after more practice. Compared to Andy’s result using manufactured IgG-B, mine
seems to have lower signals overall. However, we soon realized that my PC IgG-B could suffer
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from antibody loss after a thorough dialysis and several stages of transfer. As a matter of fact, if I
shift my curve to the left or reduce my assumed IgG concentration by half, my curve would now
be much better aligned with Andy’s curve, which suggests that my stock PC IgG-B
concentration is about only half of what I thought it would be and which explains why that
highest data point is missing in my plot compared to Andy’s. In fact, our second highest point
and the rest non-noise points line up pretty well. There are various ways to quantify protein
concentration, but after discussion inside the group, we decided that quantification of antibody
loss after dialysis is not the primary concern of this project at this stage, so we simply assumed a
50% loss of IgG concentration after each dialysis and several transfers. The value 50% was not
created out of thin air, but is actually consistent with most of our data and observations.

ACWOP readout of IgG-B on porous avidin-silica (500 Å)
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Figure 33. ACWOP readout of PC IgG-B and manufactured IgG-B on NeutrAvidin-coated
porous silica (500 Å). Average of 4 trials for each kind of IgG-B. Error bars are standard
deviation of 4 trials.
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Secondary readout of IgG-B on porous avidin-silica (500 Å)
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Figure 34. Secondary readout of PC IgG-B and manufactured IgG-B on NeutrAvidin-coated
porous silica (500 Å). Average of 4 trials for each kind of IgG-B. Error bars are standard
deviation of 4 trials.
For the secondary readout, there is a clear upward trend in the first half of the curves,
which is a good indicator that the sensor is working. However, I also want to stress that we only
want to focus on that first half of the curve because it is the clinically relevant region, while the
second half is outside of that relevant region. The downward trend could supposedly be
explained by over-saturation of binding sites of secondary antibodies, but is not the primary
concern of this experiment and certainly does not invalidate the conclusion.
2.15

ACWOP Readout in Solution with PC IgG-B Cleaved from Porous Silica.

PC IgG-B was then immobilized on porous NeutrAvidin-coated silica, and the complex
was illuminated under UV light for about 1 minute to cleave off immobilized antibodies. Before
cleaving, 100 μL PBS was added to each well to extract cleaved antibodies. After UV light
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cleaving, the solution containing cleaved off antibodies was then collected (separated from the
solid silica) and used to perform ACWOP in solution. I originally tried with n-mouse IgG, which
comes with a 2.67 μM stock concentration. The result is as follows (Figure 35). I was able to get
some signals that are distinguishable from pure noise, but the upward IgG-dependent trend was
not obvious. And this is due to loss of antibody during biotinylation process, and the resulting
IgG-B concentration happened to fall in the region where there is no strong correlation between
IgG concentration and fluorescent signals. In fact, if we refer to Figure 33, we can see that only
above 1.335 μM does the upward trend starts to show up. And it is very likely that biotinylated
and dialyzed IgG I used fell below that 1.335 μM threshold concentration.

ACWOP readout in solution using cleaved n-mouse PC IgG-B
from avidin-silica (500 Å)
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Figure 35. ACWOP readout in solution using UV cleaved off n-mouse PC IgG-B from
NeutrAvidin-coated silica (500 Å). Average of 4 trials. Error bars are standard deviation of 4
trials.
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With that in mind, I went on to use IgG with a higher stock concentration. The one I used
was goat isotype IgG, which comes with a 33.33 μM stock concentration. To save chemicals at
first, I diluted the stock solution 3 times to 11.11 μM, which I deemed to be high enough for this
experiment. The result, compared to n-mouse, is much better, as a clear upward IgG-dependent
trend starts to reveal itself above 2.775 μM IgG concentration. The loose error bars were simply
due to my lack of technique and familiarity with this novel experiment, which can easily be
improved after practice.

ACWOP readout in solution using cleaved PC IgG-B from
avidin-silica (500 Å)
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Figure 36. ACWOP readout in solution using UV cleaved off n-mouse and goat PC IgG-B from
NeutrAvidin-coated silica (500 Å). Average of 4 trials for each species. Error bars are standard
deviation of 4 trials.
However, as can be seen from the plot, the upward trend only starts to show above 2.775
μM, but the trend does not reveal itself in its entirety. To get a clearer upward trend, I went on to
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use an even higher concentration of goat IgG, which is 33.33 μM, hoping to obtain more data
points in that higher region and have a more complete IgG-dependent curve. The result is shown
in Figure 37. As we can see with the curve with high goat IgG concentration, the clean upward
IgG-dependent trend finally showed its entirety.

ACWOP readout in solution using cleaved PC IgG-B from
avidin-silica (500 Å)
14000
12000

Fluorescence (arb. units)

10000
8000

goat high

6000

goat low
n-mouse

4000
2000
0
0.01
-2000

0.1

1

10

100

[PC IgG-B] (μM)

Figure 37. ACWOP readout in solution using UV cleaved off n-mouse and goat PC IgG-B from
NeutrAvidin-coated silica (500 Å). Average of 4 trials for each species. Error bars are standard
deviation of 4 trials.
In fact, if I remove n-mouse and combine goat low and goat high, the result looks very
promising as shown in Figure 38 below. We can see a clear IgG-dependent upward trend, which
is what I expected to see. The successful ACWOP in solution readout result is very promising, as
it proves that we were able to immobilize antibodies on silica substrate in the first stage. Before
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we were only confident performing ACWOP readout in solution and remained uncertain about
antibody immobilization on surface, but from now on, the successful result of this antibody
cleaving project greatly enhanced my confidence in developing a real antibody sensor via
ACWOP on silica substrate.

ACWOP readout in solution using UV cleaved goat PC IgG-B
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Figure 38. ACWOP readout in solution using UV cleaved off goat PC IgG-B from NeutrAvidincoated silica (500 Å). Average of 4 trials. Error bars are standard deviation of 4 trials.
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CHAPTER 4
CONCLUSION
Lyme disease poses a big health-related threat in the most densely populated areas around
the world. It is affecting humans, pets, and livestock in negative and undesirable ways. Although
Lyme disease is not a fatal disease, failure to diagnose early and treat properly can cause severe
health-related issues of the patients and also lead to a huge cost in the healthcare industry at
large. The challenges that prevent Lyme disease from being diagnosed accurately and promptly
are due to the limitations of the currently used detection technique, which is an ELISA combined
with a Western blot. Fortunately, the discovery of an antibody-catalyzed water oxidation
pathway (ACWOP) has opened the possibility of developing a novel antibody sensor for Lyme
disease that has the potential of improving the test’s specificity, convenience, and affordability.
Most importantly, thanks to the universality of the catalytic power of all antibodies regardless of
species, the novel biosensor eliminates the use of secondary antibodies and will be speciesindependent. Human and veterinary diagnostics for Lyme disease will be unified. And this lays
the foundation of my project and master’s thesis.
A variety of practices have been made to contribute to progress toward a mature and
commercially viable Lyme disease sensor via ACWOP.
Stock hydrogen peroxide has been successfully detected in a pseudo-ACWOP sensor
both colorimetrically using TMB and fluorometrically using HPA, which proves the fundamental
feasibility of the sensor. An ACWOP sensor in solution was successfully developed as a result.
Hydrogen peroxide was produced from the antibody-catalyzed water oxidation reaction in the
presence of singlet oxygen generated by Rose Bengal under green light illumination. An IgGdependent trend demonstrates that the more antibodies present, the higher the signals and thus
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the more hydrogen peroxide produced. Various parameters including illumination modality,
illumination time, and reagent concentration were optimized for the ACWOP sensor in solution,
in an effort to maximize signals and minimize noise and variation.
With the success of ACWOP sensor development in solution, efforts have been extended
to transfer the ACWOP sensor in solution onto surface, which is the second major phase of the
sensor development. Multiple substrate candidates have been tried including NeutrAvidin-coated
surface and porous silica. Porous silica was adopted after many unsuccessful trials with
NeutrAvidin-coated surface that eventually proved to not have enough surface area for antibody
immobilization. Porous silica of different pore sizes ranging from 150 Å up to 1000 Å has been
tested as the substrate for an ACWOP sensor. 500 Å was picked as the ideal pore size because of
its large enough surface area and big enough pore size. Non-noise signals were obtained from
performing ACWOP readout on 500 Å silica substrate. However, it is also obvious that it is not a
clean IgG-dependent trend as observed with ACWOP in solution.
To troubleshoot the sensor and pinpoint the source of the issue, multiple side projects
were designed. One of them is the antibody cleaving project mostly in charge by me. To explain,
the idea is to first immobilize antibodies on porous silica, but instead of performing ACWOP on
silica, immobilized antibodies were cleaved off of silica surface and extracted into solution, and
eventually ACWOP was performed in the antibody-containing solution. The reason why I did
this project is that since I have much more confidence and success in performing ACWOP in
solution than on substrate, cleaving antibodies from substrate and using them to perform
ACWOP in solution helps turn an issue that is not yet well understood into one that is well
understood with many successful records. The results of this side project revealed many details
about antibody immobilization on porous silica substrate that were unobtainable before and
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offered insight into whether antibody immobilization on silica is feasible, and if it is, how
efficient antibody immobilization on silica is. Knowing these will help steer the path of the next
steps of the choice of an ideal substrate and the development of a novel Lyme disease sensor via
ACWOP at large. There are a variety of options to make a cleavable antibody-substrate pair. The
one used in this project was photocleavable biotin and NeutrAvidin-coated porous silica. Stock
antibodies were first biotinylated with photocleavable biotin, and then immobilized on
NeutrAvidin-coated porous silica surface. The complex was then illuminated with UV light to
break the photocleavable linkers and release immobilized antibodies into solution. The solution
containing cleaved off antibodies was then extracted and used to perform ACWOP readout in
solution. Before cleaving, ACWOP readout and secondary readout of NeutrAvidin-coated silica
functionalized with PC IgG-B showed successful and promising results, which demonstrates that
antibodies were successfully immobilized on silica surface. After cleaving, cleaved off
antibodies were collected in solution and used to perform a regular ACWOP in solution readout.
The result shows non-noise signals and a clear IgG-dependent curve especially toward the higher
IgG concentration region, which is promising and demonstrates that I was able to successfully
immobilize antibodies on porous silica surface. The successful result also proves porous silica as
the feasible substrate for an ACWOP sensor, serving as a milestone along the way of developing
a paper-based Lyme disease assay via the antibody-catalyzed water oxidation pathway.
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RECOMMENDATIONS AND FUTURE WORK
Many efforts and practices have been made in developing a biosensor for Lyme disease
via the antibody-catalyzed water oxidation pathway (ACWOP). Many achievements have been
made in my laboratory toward the novel sensor development. Even though all of the results have
been successful and promising, the sensor is still at its early stage and needs adjustment,
improvement and further development that will eventually make the sensor practical and
commercially viable in the healthcare market.
Various plans have been made for the near future as well as the far future. So far, we
have only been testing immobilized antibody with the help of other chemicals such as biotin and
avidin. Actual immunocapture of antibodies by antigens on surface have never been done and
tested for the ACWOP sensor. In light of this, the logical next step of the project would be to
identify an antigen and antibody pair and make use of immunocapture to immobilize antibodies
and perform ACWOP readout and see if results consistent with previous ones can be obtained.
BSA seems to be a suitable candidate for the early stage of the transition that is cheap and easy
to handle. The transition to antigen-coated surface is essential to the ultimate development of a
practical Lyme disease sensor via ACWOP. Afterwards, real Lyme antigens or Borrelia and antiBorrelia antibodies can be tested. In addition, anti-Borrelia antibodies from multiple species
including humans, dogs, horses, and so on should be tested and compared to demonstrate the
sensor’s species-independent nature, which is the biggest selling point of the novel sensor.
Eventually, as for the far future, since this project primarily focuses on the development
of a novel Lyme disease sensor for ACWOP, I recommend that the sensor expands its use to a
broader application that includes many other serum-based tests besides Lyme test. Many diseases
are still using the serum-based tests that currently rely on ELISA and a confirmatory Western
71

blot. Such diseases include HIV/AIDS, hepatitis B, West Nile virus, coeliac disease, and so on
(32). Even though these diseases are not as prevalent as Lyme disease, patients and the
healthcare industry can still get huge benefits if the novel ACWOP sensor can also be applied on
the detection of these diseases as well. Before clinical trial, efforts have to be made by scientific
researchers to test the feasibility and effectiveness of the sensor for diseases other than Lyme
disease. Antigens and antibodies specific to those diseases could be obtained and used to perform
an ACWOP readout. Various and minor adjustments may have to be made to accommodate each
different disease, but the overall principle of an ACWOP-based test should always hold true and
universally applicable.
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APPENDICES
A.

Figure 39. Dialysis equipment setup.

B.

Figure 40. UV cleaving experimental setup.

73

C.

Figure 41. Activation and silanization of silica during a DNP conjugation process.

74

Figure 42. Conjugation with DNP and ACWOP readout.
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Figure 43. Flowchart of silica DNP conjugation process and readout.

D.

plate

Light bulbs
blu

Figure 44. Experimental setup of green light illumination apparatus.
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