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ABSTRACT 

Current medical practice to diagnose Lyme Borreliosis involves observation of 

symptoms combined with serological detection of antibodies against Borrelia antigens 

using ELISA and Western blotting. These methods detect the captured serum 

antibodies by using secondary reagents that present certain limitations such as non-

specific binding leading to false positives, species-specificity, time-intensive 

incubation steps and increased cost.  

We report a novel biosensor based on the antibody-catalyzed water oxidation 

pathway (ACWOP), that directly detects captured antibodies by using their intrinsic 

catalytic property and generates an antibody-dependent colorimetric signal. The sensor 

uses inexpensive porous silica microparticles functionalized with an antigen and other 

ACWOP cofactors to capture specific antibodies on a surface and detect them via the 

ACWOP.  

By eliminating secondary reagents, our sensor acts as a species-independent 

and inexpensive platform that aids in transitioning to our ultimate goal of developing a 

point-of-care device for widespread monitoring of Lyme disease across multiple hosts.  
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CHAPTER 1 

INTRODUCTION 

Lyme disease or Lyme Borreliosis is the fastest growing vector-borne disease 

in the United States, with more than 300,000 people infected annually, as of 2014 [1]. 

The bacterium that causes the disease, Borrelia burgdorferi, is primarily transmitted 

by black-legged ticks which acquire the pathogen from reservoir hosts, such as rodents 

and birds. Lyme disease affects a number of additional hosts, such as humans, 

wildlife, pets and livestock, and it is critical to monitor the disease across species to 

manage prevalence and detect the infection early. The most distinctive symptom, 

erythyma migrans (bullseye rash), does not develop for every infected patient, and 

secondary symptoms such as fever, fatigue and myalgia mimic 300 other diseases. 

This makes symptom-based diagnosis difficult for Lyme Disease. If the disease is left 

untreated for long, it develops into Chronic Lyme Disease (CLD), which can lead to 

paralysis and nerve damage [2]. A recent study showed that CLD patients reported a 

significantly lower health quality status, for both mental and physical health when 

compared to other chronic health conditions [3]. 

The bacterium enters through the skin and makes its way to the heart, tissue 

and joints, making serological detection of the Borrelia antigen unreliable and difficult 

[4]. Hence current standard medical practice is to diagnose Lyme disease by 

observation of symptoms combined with serological detection of the host’s antibodies 

against Borrelia antigens using an Enzyme Linked Immuno-Sorbent Assay (ELISA) 

and confirmation by - Western Blotting [5]. Both methods detect the primary 
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antibodies captured from serum using secondary reagents that exhibit non-specific 

binding and lead to false positives [6]. Further, these specially prepared secondary 

reagents are expensive and specific to the species being tested for, thereby making 

cross-species detection of the disease with the same test difficult [7].  

We make use of the native catalytic property of the captured primary 

antibodies to directly detect them, thereby eliminating the use of secondary reagents 

and any limitations associated with them. Wentworth et. al. showed that all antibodies, 

irrespective of specificity, class or species, can catalyze the reaction between singlet 

oxygen and water to generate hydrogen peroxide, a process called the antibody-

catalyzed water oxidation pathway, or ACWOP [8].  

Our ultimate goal is to develop a point-of-care sensor using a lateral flow test 

format that can detect Lyme antibodies from serum against specific Borrelia antigens 

(OspA, OspC and OspF) directly via ACWOP. Such a device can help monitor Lyme 

disease in multiple species and understand disease progression better. Additional 

applications for an ACWOP biosensor could include analyzing seroconversion 

dynamics in multiple species and testing vaccine efficacy by measuring antibody 

responses [9, 10].  

As an important step towards achieving this ultimate goal, we demonstrate a 

novel, species-independent and inexpensive platform that detects primary 

immunocaptured antibodies directly via ACWOP and generates antibody-dependent 

colorimetric readout. This enables smooth transition to a point-of-care sensor that can 

achieve widespread monitoring of Lyme disease across hosts.  
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Abstract: Infectious diseases affect a number of hosts and present a constant threat 

of developing into epidemics. Current clinical diagnosis of infectious diseases is 

performed using an Enzyme Linked Immuno-Sorbent Assay (ELISA) that makes use 

of secondary reagents to detect primary antibodies captured from serum. Use of these 

secondary reagents can cause limitations, such as false positives (due to non-specific 

binding), time-intensive incubation steps, species-dependence and increased cost. To 

overcome these limitations, we report a novel biosensor based on the antibody-

catalyzed water oxidation pathway (ACWOP) that directly detects captured primary 

antibodies by using their inherent catalytic activity. In this process, antibodies are 
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used as catalysts in the reaction between singlet oxygen and water to generate 

hydrogen peroxide, which is then detected via colorimetric readout. Our sensor 

incorporates silica microparticles as an inexpensive substrate that is functionalized 

with rose bengal (photosensitizer), to generate singlet oxygen, and dinitrophenyl 

(antigen), to capture primary antibodies. We demonstrate specific capture of anti-

DNP antibodies on our substrates followed by generation of an antibody-dependent 

colorimetric ACWOP signal. By eliminating the use of secondary reagents, we have 

developed a universal platform that detects antibodies in a species-independent 

manner with improved speed and inexpensive reagents, with the ultimate goal of 

transitioning to a point-of-care sensor that can be used for widespread monitoring of 

infectious diseases. 

Keywords: ACWOP, biosensor, point-of-care, infectious disease monitoring, direct 

antibody detection, ELISA, species-independence 

 

1. Introduction 

Infectious diseases affect a number of hosts such as humans, livestock, pets 

and wildlife [1]. For example, the influenza virus resides in reservoir hosts, such as 

ducks, cranes and other wild birds, from which the pathogen then passes into 

transmission hosts, such as domestic poultry and bats and ultimately to spillover hosts 

such as humans, cows, cats and swine [2,3]. Infectious diseases spread rapidly and 

pose the threat of developing into epidemics that can cause large scale loss of lives [4-

6]. Several key factors aid in the spread of infectious diseases: multiple species acting 
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as transmission and spillover hosts, increased contact between humans and wildlife 

and other species, frequent travelling across nations and lack of global monitoring 

strategies [7]. Hence it is important to develop novel sensitive tools that can achieve 

widespread monitoring of these diseases across several species in a timely manner [8]. 

Currently, serology is the primary clinical tool used for detecting infectious 

pathogens in several hosts. In serology, antibodies that are developed as part of the 

host’s immune response to the infection are detected in the patient’s serum. These 

disease-specific antibodies have a unique function of binding to a specific molecule on 

the target pathogen (i.e. the antigen), and hence their presence in the patient’s serum 

can indicate exposure to pathogen. 

The Enzyme Linked Immuno-Sorbent Assay or ELISA is the most commonly 

used in-vitro diagnostic test to detect antibody responses to infectious agents in the 

host [9]. In an ELISA, the host’s serum is incubated in antigen-coated microwell 

plates. Antibodies specific to the coated antigen are captured from the patient’s serum 

onto the plates through antigen-antibody binding [10]. These captured primary 

antibodies are then detected with secondary reagents. Based on the secondary reagent 

used, ELISAs are classified into two types: indirect ELISA and competitive ELISA. 

An indirect ELISA uses secondary antibodies that are tagged to an enzyme such as 

horseradish peroxidase (colorimetric detection) or a fluorophore (fluorometric 

detection). These secondary antibodies are species-specific, as they recognize the Fc 

fragment of the captured primary antibody. On the other hand, a competitive, or c-

ELISA, uses antibodies that compete with primary antibodies from serum for the 
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antigen binding sites. These competitive antibodies are species-independent and are 

antigen-specific.  

Use of secondary reagents present certain limitations: (a) non-specific binding of 

secondary reagents in the wells can lead to false positives and low sensitivity [11], (b) 

additional incubation steps, which range from 2 hours at room temperature to 

overnight at 4
O
C, are required for binding these secondary reagents, thereby increasing 

the total test time [10], (c) the use of secondary antibodies that are specific to the 

species being tested for prevents testing across several hosts with the same device [12] 

and (d) the use of secondary reagents increases the overall cost of the tests [13].  

To overcome these limitations, we eliminate use of secondary reagents by directly 

detecting the captured primary antibodies using their intrinsic catalytic property. 

Wentworth et. al. showed that all antibodies, irrespective of antigenic specificity or 

source, can act as a catalyst in a specific reaction between singlet oxygen(
1
O2) and 

water to form hydrogen peroxide (H2O2) [14]. This process is termed the antibody-

catalyzed water oxidation pathway, or ACWOP. They tested a panel of intact 

immunoglobulins and antibody fragments from a range of species, clones and isotypes 

and found this property to be conserved across all antibodies [15]. The catalytic active 

site has been proposed to exist in the inter-greek key domain interface between the 

light and heavy chains, which stabilizes the H2O3 intermediate formed during this 

reaction [16, 17]. 

We engineered a surface-based biosensor that uses porous silica microparticles as 

an inexpensive substrate for functionalizing cofactors required for the ACWOP and 
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antigens required for capturing primary antibodies. The captured primary antibodies 

generate H2O2 via the ACWOP, which is detected and quantified using a colorimetric 

method. Our sensor successfully generates an antibody-dependent ACWOP signal 

with fewer incubation steps and cheaper reagents. Through the development of this 

universal platform, we demonstrate potential to transform our biosensor into a species-

independent point-of-care device that can be used for rapid, cheap and sensitive 

monitoring of infectious diseases across a host of species.  

2. Materials and Methods 

2.1. Materials: 

Hydrogen peroxide (Cat: 216763), Peroxidase from horseradish (HRP, Cat: 

P8125-25KU), 3,3′,5,5′-Tetramethylbenzidine (TMB, Cat: 860336), Hydrochloric acid 

(Cat: 435570), Toluene (Cat: 244511), N,N-Dimethylformamide (Cat: 227056), 

HATU (Cat: 445460), N,N-Diisopropylethylamine (Cat: D125806), DNP-ε-amino-n-

caproic acid (Cat: D7754), 1,4-Dimethylpyridinium p-toluenesulfonate (Cat: 514888), 

DIC (Cat: D125407), TWEEN-20 (Cat: P9416) and Citric Acid (CAS: 77-92-9) were 

purchased from Millipore Sigma. Rose Bengal (CAS: 632-69-9, Stock: A17053) and 

porous silica gel (CAS: 63231-67-4, Stock: 42726) were purchased from Alfa Aesar. 

1x Dulbecco's Phosphate-Buffered Saline (DPBS, Cat: 45000-434), Methanol (Cat: 

BDH2029), Ethanol (Cat: 89125-188), L(+)-Ascorbic acid (Cat: 200000-052), 

Triethylamine (Cat: 200001-372), Sodium phosphate dibasic (Cat: JT4062-1) and 

Dimethyl sulfoxide (Cat: 97061-250) were purchased from VWR International. 3-

Aminopropyl (diethoxy) methylsilane (CAS: 18306-79-1) was purchased from Gelest. 
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Rose Bengal Disodium Salt (Cat: R323-25) was purchased from Fisher Scientific. 

Clear F-bottom 96-well microplate (Cat: 651101) and Black F-bottom 96-well 

microplate (Cat: 655076) were purchased from Greiner Bio-one. Normal Rat IgG, 

Azide free (Cat: 6-001-F) was purchased from R&D Biosystems, Goat anti-DNP IgG 

(Cat: A150-117A) was purchased from Bethyl Laboratories and Donkey anti-goat 

IgG-Alexa Fluor 568 (Cat: A-11057) was purchased from ThermoFisher Scientific. 

Dinitrophenyl mouse IgG (Cat: sc-69697) and Normal-mouse IgG (Cat: sc-2025) were 

purchased from Santa Cruz Biotechnology.  

 TMB stock solution: Citrate Phosphate (CP Buffer, pH 5.0) was prepared by 

mixing 24.3mL of 0.1N citric acid, 25.7mL of 0.2N sodium phosphate and 50mL of 

DI water. TMB stock solution of 1.04mM was prepared by adding 5mg of TMB 

powder to 5mL DMSO and stirred gently until TMB dissolved. The prepared solution 

was then added to 15mL CP buffer. 

Unless otherwise stated, all stock solutions were prepared by dilution or 

dissolution in 1x DPBS. 

2.2. Equipment: 

A Synergy H1 Hybrid plate reader from BioTek was used at default settings to 

measure absorbance intensity, absorbance spectra, and fluorescence intensity of 

samples. BioTek Gen5 data analysis software was used to analyze optical data 

collected from the plate reader. A Sorvall ST16 centrifuge from ThermoFisher 

Scientific fitted with a swinging bucket rotor-Model: M20 for 96-well microplates and 

Model: TX-400 for Falcon tubes, was used to wash substrates. A Centrifuge 5424 



 

 9 

from Eppendorf fitted with a fixed angle (45
o
) rotor - Model: FA-45-24-11 was used 

for microcentrifugation. A Select Series UV Crosslinker (XLE-1000A) from 

Spectroline was repurposed with four 12” green cold cathode tube lights from Logisys 

(CLK12GN2, brightness: 28000 to 30000 cd/m
2
) to form a green-light illuminator. 

The green lights were controlled with an external HY3003 DC power supply at 12V 

and 1.25A with a toggle switch. The green light illuminates a region suitable for 

placing a 96-well microplate. A Vacuum filtration unit was designed by fitting 

vacuum tubing to an Erlenmeyer flask and attaching a 60mL Pore-E buchner funnel at 

the top.  

2.3. Detection of singlet oxygen generated by photosensitization reaction in solution: 

 Rose Bengal was diluted in DPBS (pH 7.4, 100µL) to form the following 

concentrations: 6.25µM, 5µM, 4µM, 3.12µM, 2µM and 1.56µM and was added to 

wells 1-6 in Row A in a clear 96-well microplate. A negative control of DPBS (pH 

7.4, 100 µL) was added to well 7 in Row A. Ascorbic Acid (100µL, 0.625mM stock) 

was added to all 7 wells. The plate was placed in the green-light illuminator and 

illuminated from above for 30 minutes. HRP (20µL, 0.171µM stock) and TMB 

(100µL, 1.04mM stock) were added to each well. The plate was covered with 

aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm was 

measured for each well in the plate reader. The above experiment was performed in 

triplicate and each data point is reported as the mean + S.E.M. The absorbance 

intensity at 650nm was converted to [H2O2] using the H2O2 standard curve.  

 



 

 10 

 

2.4. Proof of concept ACWOP assay in solution - all reagents freely diffusing in 

solution: 

 Rat IgG, azide free, that was resuspended in DPBS (100µL, 20µM stock) was 

serially diluted in DPBS (pH 7.4, 100µL) with a dilution factor of 1/2 in 11 wells of a 

clear 96-well microplate. A well containing DPBS (pH 7.4, 100µL) was used as the 

negative control. RB (100µL, 0.01mM) was added to all 12 wells. The plate was 

placed in the green-light illuminator and illuminated from above for 30 minutes. HRP 

(20µL, 0.171µM stock) and TMB (100µL, 1.04mM stock) were added to each well. 

The plate was covered with aluminium foil and incubated for 5 minutes. The 

absorbance intensity at 650nm was measured for each well in a plate reader. The 

above experiment was performed in triplicate and each data point is reported as the 

mean + S.E.M. The absorbance intensity measured was converted to [H2O2] using the 

H2O2 standard curve.  

2.5. Functionalization of Rose Bengal on silica microparticles: 

2.5.1. Activation of silica microparticles:  

12g of silica microparticles were mixed with 100mL of 10% HCl (10mL HCl 

to 90mL water) and refluxed with continuous stirring for 24 hours at 110˚C. After 24 

hours, the silica microparticles were collected by filtration and decantation, washed 

with pure water until the pH of the water was neutral, and dried at 60˚C for 24 hrs.  
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2.5.2. APDMES conjugation on silica microparticles:  

The dried particles (11g) were then added to a 300mL round-bottom flask 

along with 100mL of anhydrous toluene, 4.5mL of APDMES, and 2.5mL of 

triethylamine. This mixture was refluxed at 110˚C for 24 hours. Subsequently, the 

mixture was left to cool to room temperature and particles were collected by filtration. 

The silica microparticles were washed with methanol and ethanol 5 times each. The 

APDMES-silica microparticles were then dried in an oven for 24 hours.  

2.5.3. Rose Bengal Conjugation on APDMES-silica microparticles: 

The concentration of Rose Bengal used was 2mM (Rose Bengal: 1 equivalent, 

HATU: 1 equivalent, DIPEA: 2 equivalents). 2g of APDMES-silica microparticles 

was added to a 100mL round-bottom flask along with 30mL of amine-free anhydrous 

DMF and a stir bar. 61.06 mg of Rose Bengal sodium salt, 22.82mg of HATU 

(coupling agent) and 21μL of N, N-Diisopropylethylamine (DIPEA base) was added 

to the mixture and stirred manually for about 1 minute. This solution was stirred for 24 

hours at room temperature, collected via filtration, and washed with methanol, ethanol, 

and DPBS buffer solution until mother liquor was colorless.  

2.6. Detection of singlet oxygen generated by photosensitization reaction on a surface: 

2.6.1. Detection with Ascorbic Acid:  
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RB-functionalized silica microparticles (RB-silica) were suspended in DPBS 

(pH 7.4) to obtain a concentration of 15mg RB-silica per 100µL of suspension. The 

same was done for APDMES-silica microparticles for the negative control. RB-silica 

suspension (100µL, 15mg per 100µL of suspension) and APDMES-silica suspension 

(100µL, 15mg per 100µL of suspension) was added wells in a clear 96-well 

microplate. Ascorbic acid (100µL, 78µM stock) was added to both wells. The plate 

was placed in the green-light illuminator and illuminated from the top for 30 minutes. 

150µL of the supernatant from each well was collected in individual microcentrifuge 

tubes. The tubes were centrifuged in a microcentrifuge at 18000xg for 5 minutes. 

100µL of the supernatant from the tubes were then transferred to a new clear 96-well 

microplate. An absorption spectrum was performed for both wells to ensure that there 

was no freely diffusing RB in solution. HRP (20µL, 0.171µM stock) and TMB 

(100µL, 1.04mM stock) were then added to each well. The plate was covered with 

aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm was 

measured for each well. The above experiment was performed in triplicate and each 

data point is reported as the mean + S.E.M. The absorbance intensity at 650nm was 

converted to [H2O2] using the H2O2 standard curve. 

2.6.2 Detection with freely diffusing IgG:  

RB-functionalized silica microparticles (RB-silica) was suspended in DPBS 

(pH 7.4) to obtain a concentration of 15mg RB-silica per 100µL of suspension. Rat 

IgG, azide free, resuspended in DPBS (100µL, 15.87µM stock) was serially diluted in 

DPBS (pH 7.4, 100µL) with a dilution factor of 1/2 in 10 wells of a clear 96-well 
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microplate. A well containing DPBS (pH 7.4, 100µL) was used as the negative 

control. The remaining  procedure was the same as described in 2.6.1.  

2.7. Functionalization of Dinitrophenyl on silica microparticles: 

0.3g of APDMES-silica microparticles (protocol in 2.6) were added to a 50mL 

round-bottom flask equipped with a stir bar along with 10mL of amine-free anhydrous 

DMF. Then, 18.75mg of DNP, 93.75 mg of 1,4-Dimethylpyridinium p-

toluenesulfonate (DPTS), and 62.5μL of N,N′-Diisopropylcarbodiimide (DIC) were 

added to the flask with the particles. This solution was stirred at 32˚C for 24 hours. 

The particles were then washed with ethanol and methanol using several 

centrifugation steps until the supernatant was clear. The washed particles were dried in 

the oven at 60˚C for two hours.  

2.8. Capture of primary anti-DNP IgG on DNP functionalized silica microparticles - 

Readout with fluorophore-tagged secondary antibodies: 

 DNP-functionalized silica microparticles (DNP-silica) were suspended in 

DPBS (pH 7.4) to obtain a concentration of 30mg DNP-silica per 100µL of 

suspension. Goat anti-DNP IgG (100µL, 6.67µM stock) was serially diluted in DPBS 

(pH 7.4, 100µL) with a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. 

A well containing DPBS (pH 7.4, 100µL) was used as the negative control. DNP-

silica suspension (100µL, 30mg per 100µL of suspension) was added to all 12 wells. 

The plate was covered with aluminium foil and incubated for 4 hours at room 

temperature (25
o
C). Wash buffer (200µL, 0.05% (v/v) Tween-20 in DI) was added to 

each well. The plate was centrifuged at 3000xg for 3 minutes and the resulting 
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supernatant was aspirated. The wash protocol described was performed 3 times. 

AlexaFluor 568 donkey anti-goat IgG (100µL, 0.01µM) was added to all 12 wells. 

The plate was covered with aluminium foil and incubated for 2 hours at room 

temperature (25
o
C). The wash protocol described was performed 3 times. DPBS 

(100µL, pH 7.4) was added to each well and all of the contents of each well were 

transferred to a black 96-well microplate. The fluorescence intensity (Ex: 568nm, Em: 

603nm) was measured for each well using a plate reader. The above experiment was 

performed in duplicate and each data point is reported as the mean + S.E.M. 

2.9. Demonstration of a surface-based antibody sensor that directly detects captured 

primary antibodies via the ACWOP: 

2.9.1. ACWOP readout of captured primary anti-DNP antibodies:  

DNP-functionalized silica microparticles (DNP-silica) were suspended in 

DPBS (pH 7.4) to obtain a concentration of 15mg DNP-silica per 100µL of 

suspension. RB functionalized silica microparticles (RB-silica) was suspended in 

DPBS (pH 7.4) to obtain a concentration of 15mg RB-silica per 100µL of suspension. 

Mouse anti-DNP IgG (100µL, 1.33µM stock) was serially diluted in DPBS (pH 7.4, 

100µL) with a dilution factor of 1/2 in 7 wells of a clear 96-well microplate. A well 

containing DPBS (pH 7.4, 100µL) was used as the negative control. DNP-silica 

suspension (100µL, 15mg per 100µL of suspension) was added to all 8 wells. The 

plate was covered with aluminium foil and incubated for 4 hours at room temperature 

(25
o
C). Wash buffer (200µL, 0.05% (v/v) Tween-20 in DI) was added to each well. 

The plate was centrifuged at 3000xg for 3 minutes and the resulting supernatant was 
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aspirated. The wash protocol described was performed 3 times. RB-silica suspension 

(100µL, 15mg per 100µL of suspension) was added to all 8 wells. The plate was 

placed in the green-light illuminator and illuminated from the bottom for 45 minutes. 

150µL of the supernatant from each well was collected in individual microcentrifuge 

tubes. The tubes were centrifuged in a microcentrifuge at 18000xg for 5 minutes. 

50µL of the supernatant from the tubes were then transferred to a new clear 96-well 

microplate. An absorption spectrum was performed for all 8 wells using a plate reader 

to ensure there was no freely diffusing RB in solution. HRP (20µL, 0.171µM stock) 

and TMB (100µL, 1.04mM stock) were then added to each well. The plate was 

covered with aluminium foil and incubated for 5 minutes. The absorbance intensity at 

650nm was measured for each well in a plate reader.  

2.9.2. ACWOP readout of captured primary control antibodies:  

N-Mouse IgG (100µL, 2.67µM stock) was serially diluted in DPBS (pH 7.4, 

100µL) with a dilution factor of 1/2 in 6 wells of a clear 96-well microplate. Same 

procedure as 2.9.1 was followed and instead of Mouse anti-DNP IgG, a control 

antibody was used to determine non-specific binding of IgG to silica microparticles. 

3. Results and Discussion 

The key components of our ACWOP biosensor include silica microparticles 

used as an inexpensive substrate to conjugate antigens and ACWOP cofactors, 
1
O2 

(reactant) generation on a surface and an optimized colorimetric detection system to 

detect the H2O2 generated via antibody catalysis. 
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We used a TMB-HRP based colorimetric detection system
 
to detect the 

generated H2O2. On oxidation by stock H2O2, TMB changed from colorless to blue in 

the presence of an enzyme HRP [18]. This change in color was detected and quantified 

by measuring absorbance at 650nm using absorbance spectroscopy with a plate reader. 

The colorimetric detection signal was expressed as the Absorbance intensity or OD at 

650nm/Path Length, with a linear trend against H2O2 concentration. We optimized the 

detection system for [HRP] and [TMB] to obtain a final H2O2 standard curve. Our 

system developed a colorimetric detection signal of H2O2 within 5 minutes, not shown 

previously in literature, with a sensitivity of 0.078µM (data in Appendix A.1). We 

obtained a relationship between the measured colorimetric intensity signal and [H2O2], 

which was used for conversion in all further experiments.  

Singlet oxygen, the excited state of molecular oxygen, is a key reactant in the 

ACWOP reaction and was generated via a photosensitization reaction [19]. The 

process required oxygen, light of a suitable wavelength and a photosensitizer that can 

absorb that light and use its energy to excite oxygen to its singlet state. We used the 

xanthene dye, Rose Bengal (RB) as the photosensitizer primarily for three main 

reasons: (a) it has a high quantum yield of 0.76, (b) it is soluble and can be used to 

photosensitize in DPBS and (c) it is inexpensive [19]. RB has an absorption maximum 

at 550 nm (Fig S1), i.e green light, so we designed an illuminator system (Fig 1a) to 

provide a constant and uniform source of green light.  

Although the final readout uses ACWOP, to initially quantify the 
1
O2 

generated by photosensitization of RB with green light, we used an ascorbic-acid 
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detection system. Ascorbic acid (AA) reacts with 
1
O2 in a 1:1 mole ratio to generate 

H2O2 at a pH of 7.4 [20]. The generated H2O2 was detected with our optimized TMB-

HRP colorimetric detection system. AA dissolved in 1x DPBS (10mM 

phosphate/160mM sodium chloride, pH 7.4) showed a decrease in pH below 7.4 for 

[AA] > 10mM (Fig S2). For [AA] < 10mM, the generation of 
1
O2 as a function of 

[AA] showed an ascorbate dependent detection signal. There existed an optimal [AA] 

for both RB freely diffusing in solution and RB functionalized on silica microparticles 

(Fig S3, S4). Detection of 
1
O2 generated due to photosensitization reactions in 

solution, using the optimum [AA], showed a linear increase in 
1
O2 generated with 

[RB] (Fig 1b). A minimum of [RB] = 0.78µM was required to generate detectable 
1
O2 

in solution for the given conditions.  
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(a) 

 

 

(b) 

Figure 1. 1O2 generation via photosensitization of RB in solution followed by detection using an optimized 

ascorbic acid system (a) Green-light illuminator fit with 4 cold cathode green tubes light and operated via an 

external DC power source. The illuminator provides a constant and uniform source of green light from the top (b) 

Generation of 1O2 as a function of [RB] in solution. There is a linear increase in singlet oxygen generation with 

[RB] until 2µM beyond where the curve saturates as AA acts as the limiting reagent.  
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We developed an ACWOP proof-of-concept assay to confirm that our system 

was capable of detecting non-specific, freely diffusing antibodies in solution via 

ACWOP. We chose 10µM as the concentration of RB for this assay, as Fig 1b showed 

that 
1
O2 generation saturates for [RB]>2µM. Also, for that particular concentration of 

RB, the limit of detection (LOD) of the generated H2O2 in solution is the lowest 

(Appendix A.2). Sodium azide, commonly used as a preservative, is known to be an 

inhibitor of 
1
O2, so azide-free rat IgG was used [21]. The system, consisting of RB and 

IgG in solution, was placed in the green illuminator to generate 
1
O2 followed by IgG 

catalysis via ACWOP to generate H2O2 (Fig 2a). The H2O2 was detected 

colorimetrically and we obtained a repeatable non-linear antibody-dependent signal 

(Fig 2b). Our result corroborates proof-of-concept experiments that were performed by 

Wentworth et. al. using horse IgG and fluorescent detection, in which they obtained a 

similar non-linear signal. They hypothesized that the curvature is because of the 

reduced lifetime of 
1
O2 in solution due to reaction with the antibody [15]. This 

demonstration provides the basis for developing a biosensor that can detect antibodies 

based on the colorimetric H2O2 detection signal output produced due to ACWOP. 
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(a) 

 

 

(b) 

Figure 2. Demonstration of a proof-of-concept ACWOP assay that detects non-specific antibodies in solution. All 

reagents are freely diffusing in solution. (a) Process involved in developing a proof-of-concept assay. Non-specific 

rat IgG and RB were added to a well, illuminated with green light for 30mins to perform and the generate H2O2 

was detected via a colorimetric readout (b) H2O2 generated via ACWOP as a function of non-specific rat IgG 

freely diffusing in solution. Obtained a repeatable antibody-dependent H2O2 generation.  
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To develop a surface-based ACWOP biosensor that captures primary 

antibodies and detects them directly, we selected porous silica microparticles as 

the substrate for functionalizing the photosensitizer and the antigen. We have 

previously worked with silica surfaces and Welch et. al. have demonstrated an 

electrochemical ACWOP biosensor using POEGMA brushes functionalized on 

silicon wafers [22, 23]. APDMES was conjugated to activated-porous silica 

surfaces via a silanization reaction at elevated temperatures by modifying the 

protocol used by Wu et.al. [24]. RB was functionalized to the APDMES-silica 

substrates via an amidation reaction between the carboxylic acid group of the dye 

and the amine groups on the substrate (Fig 3a) [25]. The absorption spectrum of 

RB-silica (100µL, 15mg in DPBS) gave a sharp peak at 550nm, the absorption 

maximum of RB, thereby confirming successful functionalization (Fig 3b). 
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(a) 

 

 

(b) 

Figure 3. Functionalization of porous silica microparticles with RB (a) Chemistry and the process involved in 

functionalizing 112.5µM porous silica microparticles with RB. Activated silica microparticles are treated with 

APDMES via a silanization reaction to form APDMES-silica (top). RB is functionalized to APDMES-silica via an 

amidation reaction to form RB-silica (bottom) (b) Confirmation of the presence of RB on RB-silica microparticles 

using an absorption spectrum. RB-silica shows a peak at 550nm in its absorption spectrum (blue) when compared 

to APDMES-silica (yellow) confirming successful conjugation of RB. 
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15mg of RB-silica particles have a total outer surface area of 1.14 x 10
-3 

that 

can theoretically bind 2.3 x 10
-9 

moles of RB (Appendix B.1). This is roughly the same 

amount of RB that was in solution in the successful proof-of-concept assay. Hence, 

15mg of RB-silica particles were illuminated with green light to generate 
1
O2 on a 

surface that was detected with ascorbic acid in solution (Fig 4a). Comparison of 

photosensitization reactions on a surface with the reactions in solution showed a 100-

fold higher efficiency of 
1
O2 generation by RB freely diffusing in solution (Appendix 

C). These findings are in agreement with Schaap et al. when they compared the 

efficiency of 
1
O2 production of free rose bengal with rose bengal immobilized on 

merrifield polymer and found a 100-fold higher production rate of 
1
O2 from the free 

photosensitizer [26]. To further confirm the generation of 
1
O2 from the RB-silica 

substrate, we used freely diffusing azide-free rat IgG in solution to catalyze the 

reaction between the generated 
1
O2 and water to produce H2O2. We obtained 

repeatable antibody-dependent H2O2 generation, thereby validating the RB-silica 

microparticles as reliable sources of 
1
O2 (Fig 4b).  
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(a) 

 

 

(b) 

Figure 4. 1O2 generation via photosensitization of RB on a surface followed by detection using two different 

methods (a) Ascorbic acid detection. 15mg of RB-silica microparticles generated 1O2 on illumination with green 

light. APDMES-silica microparticles (control) that have no RB functionalized to the surface produced no 1O2 (b) 

Freely diffusing non-specific antibodies in solution via ACWOP. 1O2 generated by 15mg RB-silica microparticles 

reacted with water in the presence of rat IgG to generate H2O2. Obtained a repeatable antibody-dependent signal 

confirming generation of 1O2 from RB surfaces. 
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 We utilize 2, 4-DNP as a model antigen that is bound by anti-DNP antibodies 

from several species and classes for initial development of our ACWOP biosensor 

[22]. DNP ε-amino n-caproic acid was functionalized to the APDMES-silica 

microparticles in a manner similar to that for RB. An amidation reaction occurs 

between the carboxylic acid group of DNP and the free amine on the APDMES-silica 

microparticles.  

We confirmed the capture of anti-DNP primary IgG on DNP-silica 

microparticles using secondary fluorophore-tagged antibodies. 30mg of DNP-silica 

microparticles were used as that provided 71 times more surface area than the bottom 

of a well in an ELISA plate, thereby providing more binding sites for antibody capture 

(Appendix B.2). The process involved incubation of the DNP-silica microparticles 

with primary goat anti-DNP  IgG, incubation with secondary donkey anti-goat IgG 

and fluorescence intensity measurement with a plate reader (Fig 5a). We observed an 

increase in the fluorescence readout from the secondary antibody with  increasing 

primary antibody concentration used for incubation (Fig 5b). This confirms primary-

antibody concentration dependent capture on DNP-silica particles that saturates at 

higher IgG concentrations possibly due to limited number of binding sites.  
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(a) 

 

 

(b) 

Figure 5. Confirmation of capture of primary anti-DNP antibodies on DNP-silica microparticles using fluorophore-

tagged secondary antibodies (a) Process involved in developing a secondary readout from captured primary 

antibodies. Primary antibody: goat anti-DNP IgG, secondary antibody: AlexaFluor 568 donkey anti-goat IgG. (b) 

Fluorescence readout from secondary antibody bound to captured primary antibodies on DNP-silica. Obtained a 

repeatable primary-antibody dependent signal confirming successful capture. 
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The generation of ACWOP signal from the surface-based biosensor involved 

the following process: (a) capture of primary antibodies on DNP-silica microparticles, 

(b) generation of 
1
O2 from RB-silica microparticles and (c) antibody catalysis to 

generate H2O2 that is detected colorimetrically (Fig 6a). DNP-silica microparticles 

were incubated with mouse anti-DNP IgG using the validated protocol used 

previously. Because the lifetime of 
1
O2 in aqueous solutions is in the range of 1-10µs, 

which corresponds to a mean square diffusion distance of less than 0.5µm (diffusion 

coefficient of O2: 2 x 10
-5 

cm
2
/sec), the DNP-silica and RB-silica microparticles were 

mixed well together to ensure close proximity of the 
1
O2 to the antibody [27]. The 

system was illuminated with green light to generate 
1
O2 that reacted with water in the 

presence of the captured antibodies to produce H2O2. We obtained a captured primary 

antibody-dependent H2O2 production (Fig 6b). A negative control of normal-mouse 

IgG was performed using the same protocol to determine non-specific binding of IgG 

to silica surfaces. On comparison the H2O2 generation from the specific DNP-captured 

antibody was higher than the control. The curve for the ACWOP readout of primary 

anti-DNP antibodies exhibits a curvature with decreasing slope at higher 

concentrations of IgG, either because of saturation of primary antibody binding sites 

as seen in the previous section or because of the short lifetime of 
1
O2 due to 

consumption as postulated by Wentworth in the proof of concept assay [15].  

 

 

 



 

 28 

 

 

(a) 

 

 

(b) 

Figure 6. Demonstration of a novel surface-based ACWOP biosensor that can directly detect captured primary 

antibodies and generate a colorimetric readout (a) Process involved in capture and detection of anti-DNP primary 

antibodies using the ACWOP biosensor. Mouse anti-DNP IgG were captured on DNP-silica. 1O2 generated by 

RB-silica reacts with water in presence of captured antibodies to generate H2O2 which is detected via a 

colorimetric readout (b) Obtained a primary antibody-dependent H2O2 generation (blue). A negative control with 

n-mouse IgG showed non-specific binding of IgG to silica substrates (yellow). The non-specific capture (yellow) 

occurred to a lesser extent than the specific DNP capture (blue) 
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5. Conclusions 

In summary, we have developed a novel silica-microparticle based biosensor that 

directly detects captured primary antibodies via the ACWOP and generates an 

antibody-dependent colorimetric signal. By eliminating the use of secondary 

antibodies that are specific to species, our ACWOP biosensor is capable of directly 

detecting antibodies from any species. The sensor improves testing time by 

eliminating the 2-hour incubation step required for binding secondary reagents in 

traditional ELISA kits. We have used relatively inexpensive substrates and reagents, 

which, coupled with the elimination of expensive, specially prepared secondary 

reagents, decreases the overall cost of our sensor. In this way, the surface-based sensor 

provides a universal platform for direct antibody detection in a species-independent 

manner. Future studies involve modification of this platform into a lateral flow test 

format for point-of-care monitoring of infectious diseases in multiple hosts via 

ACWOP.  
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Appendix A 

A.1 Development and optimization of a hydrogen peroxide colorimetric detection 

system 

[HRP] optimization:  

HRP (100µL, 11µM) was serially diluted in DPBS (pH 7.4, 100µL) with a 

dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. H2O2 (100µL, 20µM) and 

TMB (100µL, 1.04mM) was added to each well. The plate was covered with 

aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm was 

measured using a plate reader for all the wells.  The above experiment was performed 

in triplicate and each data point is reported as the mean + S.E.M.  

 

 

Figure A1. Optimization of [HRP] to obtain maximum colorimetric H2O2 detection signal. [H2O2] = 20µM, 

[TMB] = 1.04mM and time = 5 minutes. 
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The optimum [HRP] was chosen to be 0.171µM.  

[TMB] optimization:  

TMB (100µL, 1.04mM) was serially diluted in DPBS (pH 7.4, 100µL) with a 

dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. H2O2 (100µL, 44µM) and 

HRP (20µL, 0.171µM) was added to each well. The plate was covered with 

aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm was 

measured using a plate reader for all the wells. The above experiment was performed 

in triplicate and each data point is reported as the mean + S.E.M.  

 

 

Figure A2. Optimization of [TMB] to obtain maximum colorimetric H2O2 detection signal. [H2O2] = 44µM, 

[HRP] = 0.171mM and time = 5 minutes. 
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The blue color change takes place when [H2O2] ≤ [TMB] and at equimolar 

concentration the color is most intense. Based on this observation, an optimum [TMB] 

of 1.04mM was chosen as the stock solution [18]. 

Hydrogen peroxide standard curve for proof-of-concept assay: 

H2O2 was detected by the oxidative color change of TMB in the presence of 

HRP. H2O2 (100µL, 64µM stock) was serially diluted in DPBS (pH 7.4, 100µL) with a 

dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. RB (100µL, 0.01mM stock), 

HRP (20µL, 0.171µM stock) and TMB (100µL, 1.04mM stock) were added to all 12 

wells. The plate was covered with aluminium foil and incubated for 5 minutes. The 

absorbance intensity at 650nm was measured using a plate reader for all the wells. The 

above experiment was performed in triplicate and each data point is reported as the 

mean + S.E.M.  
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Figure A3. H2O2 standard curve for the proof-of-concept assay. Colorimetric signal obtained from the plate reader 

is converted to [H2O2] based on the relation provided in the inset. [HRP] = 0.171µM, [TMB] = 1.04mM, [RB] = 

0.01mM and time = 5 minutes. 

Hydrogen peroxide standard curve for RB-silica microparticle based experiments: 

H2O2 was detected by the oxidative color change of TMB in the presence of 

HRP. H2O2 (100µL, 64µM stock) was serially diluted in DPBS (pH 7.4, 100µL) with a 

dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. HRP (20µL, 0.171µM stock) 

and TMB (100µL, 1.04mM stock) were added to all 12 wells. The plate was covered 

with aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm 

was measured using a plate reader for all the wells. The above experiment was 

performed in triplicate and each data point is reported as the mean + S.E.M.  
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Figure A4. H2O2 standard curve for surface-based sensor experiments. Colorimetric signal obtained from the plate 

reader is converted to [H2O2] based on the relation provided in the inset. [HRP] = 0.171µM, [TMB] = 1.04mM and 

time = 5 minutes. 

A.2 Limit of detection of hydrogen peroxide in different Rose Bengal 

concentrations in solution 

H2O2 (100µL, 64µM stock) was serially diluted in DPBS (pH 7.4, 100µL) with 

a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. RB (100µL, 0.01M stock), 

HRP (20µL, 0.171µM stock) and TMB (100µL, 1.04mM stock) were added to all 12 

wells. The plate was covered with aluminium foil and incubated for 5 minutes. The 

absorbance intensity at 650nm was measured using a plate reader for all the wells. 4 
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other RB stock conditions - 1mM, 0.1mM, 0.01mM and 1µM were tested following 

the same protocol as above. All experiments were performed in triplicate and each 

data point is reported as the mean + S.E.M.  

 

 

Figure A5. Analysis of LOD of H2O2 for different [RB] in solution. RB = 0.01mM provided the best(lowest) 

LOD and hence was chosen as the RB concentration in the ACWOP proof-of-concept assay.  

RB=0.01mM gave the lowest limit of detection and was chosen as the 

optimum [RB] for the proof-of-concept ACWOP assay.  
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Appendix B 

B.1 Calculation of number of moles of RB present on 15mg of RB-silica 

microparticles 

Bulk density of silica gel = 700kg/m
3
 

Hence 15mg of silica gel has a total volume = 2.142 x 10
-8 

m
3
 

From the manufacturer’s specification, porous silica gel corresponds to -100+200 

mesh which means the size of a particle lies between 75 to 150 µm. 

Assuming an average of 112.5µm, the radius of a single particle = R = 56.25µm. 

Volume of a particle = 
3

R x  x 4 3
= 7.45 x 10

-13
 m

3
 

 Number of silica microparticles in 15mg = Total volume/Volume of a particle = 

28752 particles 

Outer surface area of one particle = 2R x  x 4   = 3.97 x 10
-8

 m
2 

Total outer surface area of all particles =  

Number of particles x Outer surface area of  a particle = 1.14 x 10
-3

 m
2 

Molar volume of Rose Bengal = 338 x 10
-6

 m
3 

Volume of single RB molecule = Molar volume/NA(Avagadro number) = 5.611 x    

10
-28

 m
3
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Radius of a single RB molecule = 3

 x 4

3 x molecule single a of Volume


= 0.511 nm 

Cross sectional area of a single molecule = 2R x   = 8.22 x 10
-19

 m
2 

Total number of RB molecules that can fit on the silica surface =  

Total outer surface area / Cross sectional area of an RB molecule = 1.38 x 10
15

 

molecules. 

Total moles of RB that can be functionalized on the outer surface of 15mg of silica 

microparticles = Total number of RB molecules/NA = 2.3 x 10
-9

 moles 

 

B.2 Comparison of Total Surface Area(TSA) provided by 30mg DNP-silica 

particles with the TSA of the bottom of a well in a 96-well ELISA microplate: 

Bulk density of silica gel = 700kg/m
3
 

Hence 30mg of silica gel has a total volume = 4.285 x 10
-8 

m
3
 

From the manufacturer’s specification, porous silica gel corresponds to -100+200 

mesh. This means the size of a particle lies between 75 to 150 µm. 

Assuming an average of 112.5µm, the radius of a single particle = R = 56.25µm. 

Volume of a particle = 
3

R x  x 4 3
= 7.45 x 10

-13
 m

3
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 Number of silica microparticles in 30mg = Total volume/Volume of a particle = 

57517 particles 

Outer surface area of one particle = 2R x  x 4  = 3.97 x 10
-8

 m
2 

Total outer surface area of all particles = Number of particles x Outer surface area of a 

particle = 2.28 x 10
-3

 m
2 

Radius of the bottom of a F-bottom well from greiner bio-one, R = 3.195 x 10
-3

 m 

Total surface area of the bottom of the well = 2R x  = 3.2 x 10
-5

 m
2 

Ratio of Surface areas = Total Surface area of 30mg DNP-silica particles/Total 

surface area of the bottom of an ELISA well = 71 
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Appendix C 

Comparison of the singlet oxygen generation efficiency between Rose Bengal 

freely diffusing in solution and RB functionalized to silica microparticles 

 

 

(a) 
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(b) 

Figure C. Comparison between photosensitization reactions in solution and on a surface (a) Analysis of number 

of moles of 1O2 generated per mole of RB in solution (b) Analysis of number of moles of 1O2 generated per moles 

of RB on a surface 

 

Rose Bengal in solution: 

From Fig C(a), 
1
O2 moles generated/RB moles in solution = 55.78 

Therefore, 1 mole of RB in solution generates 55.78 moles of 
1
O2 in 30 minutes. 

Rose Bengal functionalized to silica microparticles: 

From Appendix B.1, moles of RB on 15mg silica particles = 2.3 x 10
-9

 moles. 

 

(1) 
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From Fig C, 
1
O2 moles generated from 15mg RB-silica = 1.15 x 10

-9
 moles 

1
O2 moles generated/RB moles on surface = 0.5  

Therefore 1 mole of RB on the surface generates 0.5 moles of 
1
O2 in 30 minutes. 

Ratio of (1)/(2) = 55.78/0.5 = 111.56  

RB in solution generates 111.56 more moles of 
1
O2 than RB on surface. 

Hence RB freely diffusing in solution is 100 times more efficient in generating 

1
O2 than RB functionalized on silica particles. 

 

(2) 
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Supplementary Information 

1. Absorption spectrum of RB in solution:  

RB (100µL, 0.01mM) in DPBS (pH 7.4, 1x) was taken in a well and the 

absorbance spectrum was performed using a plate reader. The spectrum showed that 

the photosensitizer has an absorption maximum at 550nm i.e. green light. 

 

 

Figure S1. Absorption spectrum of 0.01mM RB in solution. Absorption maximum occurs at 550nm i.e. green 

light.  
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2. pH as a function of Ascorbic Acid concentration: 

Ascorbic Acid (5mL, 0.07M) was serially diluted in 1x DPBS (phosphate 

10mM/sodium chloride 160mM, pH 7.4, 5mL) with a dilution factor of ½ in 11 

scintillation vials. A control of 1x DPBS (pH 7.4, 5mL) was taken in a separate vial. 

The pH was measured using a Mettler Toledo 7 pH/conductivity meter. 

 

 

Figure S2. pH of ascorbic acid dissolved in DPBS as a function of [ascorbic acid]. For AA>10mM (buffering 

capacity of DPBS), the pH drops steeply. 

For AA>10mM, there was a sharp drop in pH below 7.4 because the buffering 

capacity of 1x DPBS was 10mM. 
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3. Optimization of Ascorbic Acid for various concentrations of Rose Bengal in 

solution: 

  Ascorbic Acid (100µL, 10mM stock) was serially diluted in DPBS (pH 7.4, 

100µL) with a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well 

containing DPBS (pH 7.4, 100µL) was used as the negative control. RB (100µL, 

0.01M stock) was added to each well. The plate was placed in the green-light 

illuminator and illuminated from the top for 60 minutes. HRP (20µL, 0.171uM stock) 

and TMB (100µL, 1.04mM stock) were added to each well. The plate was covered 

with aluminium foil and incubated for 5 minutes. The absorbance intensity at 650nm 

was measured for each well in a plate reader. 4 other RB stock conditions - 1mM, 

0.1mM, 0.01mM and 1µM were tested for following the same protocol as above. All 

of the experiments for different RB conditions were performed in triplicate and each 

data point is reported as the mean + S.E.M. The absorbance intensity at 650nm was 

converted to [H2O2] using the H2O2 standard curve. 
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Figure S3. Determining the optimum [AA] for obtaining maximum 1O2 detection signal. 1O2 is generated via 

photosensitization reactions in solution. 
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4. Optimization of Ascorbic Acid for 15mg of RB-silica microparticles: 

RB functionalized silica microparticles (RB-silica) was suspended in 1x DPBS 

(pH 7.4) to obtain a concentration of 15mg RB-silica per 100µL of suspension. 

Ascorbic acid (100µL, 10mM stock) was serially diluted in DPBS (pH 7.4, 100µL) 

with a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well 

containing DPBS (pH 7.4, 100µL) was used as the negative control. RB-silica 

suspension (100µL, 15mg per 100µL of suspension) was added to all 12 wells. The 

plate was placed in the green-light illuminator and illuminated from the top for 30 

minutes. 150µL of the supernatant from each well was collected in individual 

microcentrifuge tubes. The tubes were centrifuged in a microcentrifuge at 18000xg for 

5 minutes. 100µL of the supernatant from the tubes were then transferred to a new 

clear 96-well microplate. An absorption spectrum was performed for all 11 wells using 

a plate reader to ensure there was no freely diffusing RB in solution. HRP (20µL, 

0.171µM stock) and TMB (100µL, 1.04mM stock) were then added to each well. The 

plate was covered with aluminium foil and incubated for 5 minutes. The absorbance 

intensity at 650nm was measured for each well in a plate reader. The above 

experiment was performed in triplicate and each data point is reported as the mean + 

S.E.M. The absorbance intensity at 650nm was converted to [H2O2] using the H2O2 

standard curve. 
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Figure S4. Determining the optimum [AA] for obtaining maximum 1O2 detection signal. 1O2 is generated via 

photosensitization reactions on a surface. 
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CHAPTER 3 

CONCLUSION 

We have developed a surface-based biosensor and showed specific capture of 

primary antibodies followed by generation of an antibody-dependent colorimetric 

signal via ACWOP. The sensor incorporates porous silica microparticles as an 

inexpensive substrate that is functionalized with ACWOP co-factors and an antigen. 

By eliminating secondary reagents, we have developed a universal platform that can 

be functionalized with a number of antigens to detect specific antibodies in a species-

independent and inexpensive manner. This enables us to transition to a lateral flow 

assay based point-of-care device to detect Lyme antibodies against specific Borrelia 

antigens functionalized on the surface.  

Future studies will involve utilizing our platform to functionalize histidine-

tagged Lyme antigens such as OspA, OspC and OspF and directly detecting Lyme 

antibodies. Concurrently, efforts will be made to functionalize ACWOP cofactors and 

Borrelia antigens on nitrocellulose membranes, followed by capture and detection of 

Lyme antibodies via ACWOP on a lateral flow test strip. Development of the 

universal platform provided a deeper understanding of the chemistry involved in 

biosensing using the catalytic property of antibodies, which also gives insight into 

further upgrades of the sensor.   
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APPENDIX  

A) Immobilization of biotinylated antibodies on a neutravidin coated plate 

followed by detection with ACWOP: 

1. Optimization of [RB]: 

(i) Determination of minimum moles of RB required to absorb the incident green light 

completely: 

A serial dilution of 0.25mM RB stock was performed with dilution factor of 

1/2 and a range of 0-0.25mM (100µL). Absorbance at 550nm was measured using a 

plate reader. Using Beer-Lambert’s law, the Absorbance at 550nm was converted to 

fraction of green light absorbed using the formula: Fraction = 
550nmat  Abs101   

 

 

Figure A.1.1. Determining the minimum moles of RB required for complete absorption of green light. Observed 

that a minimum of 10-8 moles of RB was required. 
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(ii) Determination of molar absorption coefficient(ε) and characteristic length(LC) at 

550nm for RB: 

A serial dilution of 0.1mM RB stock was performed with dilution factor of 1/2 

and a range of 0-0.1mM (100µL). Absorbance at 550nm was measured using a plate 

reader. A plot of Abs/L at 550nm vs [RB] was developed and the slope of the curve 

provided the molar extinction coefficient (ɛ) of RB at 550nm. This value was used to 

calculate Lc or the attenuation length as a function of [RB] using the formula:  

 x [RB] x 2.303

1
 LC   

 

 

Figure A.1.2. Determining the molar absorption coefficient for RB at 550nm. Slope of Abs/L vs concentration 

curve gave the value of the coefficient. 
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Figure A.1.3. Determining the characteristic length of green light absorption as a function of RB moles. The 

Length decreased as the RB solution became more concentrated. 

(iii) Analysis of Limit of Detection(LOD) of H2O2 as a function of moles of RB in 

solution: 

Five RB stock solutions were prepared – 0.01M, 1mM, 0.1mM, 0.01mM and 

1uM. 100µL of each stock solution provides different number of moles of RB in 

solution. For each RB stock solution a H2O2 calibration curve was prepared. A H2O2 

serial dilution was performed with dilution factor of 1/2 and a range of 0-20µM 

H2O2(100uL). 0.171µM HRP stock (20uL), 1.04mM TMB stock (100µL) and 100µL 

of RB was added to each well for every RB condition. After an incubation time of 5 

minutes, absorbance at 650nm was measured and a calibration curve was plotted. The 

LOD was calculated from the plot using regression analysis and taking 3.3 times the 
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SNR (Signal to Noise Ratio). A table was prepared relating the Limit of Detection of 

each condition to the RB moles.  

 

 

Figure A.1.4. Determining the Limit of detection of H2O2 in solution as a function of RB moles in solution. The 

LOD was best for RB = 10-9 moles. 

Considering the above factors, [RB] = 0.2mM was chosen as the optimal 

concentration for the following experiment.  

2. Immobilization of biotinylated goat and mouse IgG on neutravidin surfaces 

followed by readout with ACWOP 

N-mouse IgG bound to biotin was purchased from Santa Cruz Biotechnologies 

with stock concentration of 2.67µM. A biotin - neutravidin chemistry was utilized to 

immobilize IgG on a surface. A serial dilution of IgG was performed with a dilution 
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factor of 1/2 and range of 0-2.67µM (100µL) in a clear 96-well plate. 95µL of the 

resulting solution was transferred to a neutravidin coated plate purchased from 

Thermo Fisher Scientific. The plate was cover with aluminium foil and incubated in 

an incubation shaker at 25
o
C at a speed of 200 for 2 hours. After incubation, the wells 

were washed three times with wash buffer (0.05% Tween-20 in PBS) by gently 

squirting with a squirt bottle and subsequent flip-and-dry steps. 0.2mM RB stock 

(100µL) was added to each well. The plate was illuminated with green light from 

below for 45 minutes. 0.171µM HRP stock (20µL) and 1.04mM TMB stock (100µL) 

was added to each well and after 5 minutes, 215µL of solution from each well was 

transferred to another clear 96-well plate. Absorbance at 650nm was measured with a 

plate reader. A plot of Abs/L at 650nm vs [IgG] immobilized was developed to 

demonstrate an antibody dependent ACWOP signal from IgG immobilized on a 

surface. The same procedure was used with Goat anti-mouse IgG bound to biotin that 

was purchased from Santa Cruz Biotechnologies with stock concentration of 2.67µM. 
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Figure A.2.1. Demonstration of detection of immobilized biotinylated antibodies on neutravidin surfaces via 

ACWOP. Obtained an antibody-dependent colorimetric detection signal. Two different antibodies- mouse and goat 

IgG were detected with the same assay thereby demonstrating species-independence 

B) H2O2 standard curve for the immobilization of biotinylated IgG on 

neutravidin surfaces and readout with ACWOP signal: 

H2O2 was detected by the oxidative color change of TMB in the presence of 

HRP. H2O2 (100µL, 64µM stock) was serially diluted in DPBS (pH 7.4, 100µL) with a 

dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing 

DPBS (pH 7.4, 100µL) was used as the negative control. RB (100µL, 0.2mM stock), 

HRP (20µL, 0.171µM stock) and TMB (100µL, 1.04mM stock) were added to all 12 

wells. The plate was covered with aluminium foil and incubated for 5 minutes. The 

absorbance intensity at 650nm was measured using a plate reader for all the wells. The 
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above experiment was performed in triplicate and each data point is reported as the 

mean + S.E.M.  

 

 

Figure B.1.1. H2O2 standard curve for detection of immobilized biotinylated antibodies on neutravidin 

surfaces via ACWOP. [RB] = 0.2mM, [TMB] = 1.04mM, [HRP] = 0.171µM and time = 5 minutes.  
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