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Abstract
Early detection of diseases and exposure to toxins can provide timely access to medical care and
support, improve clinical outcomes, increase survival rate, and might greatly reduce medical
costs. A number of protein molecules, such as cytokines, have been found to play significant
roles in the initial host immune response to infection and exposure to toxins and have been
identified as promising biomarker candidates for disease and toxicity diagnostics. Most of these
current technologies are limited by sensitivities in the pico Molar (pM) range or above, making
the biomarkers undetectable until later stages of the disease or intoxication progression.
Therefore, a sensitive detection method is needed for early diagnosis in order to provide early
treatment and to prevent transmission of potential life-threatening diseases and intoxication. This
dissertation is composed of three chapters that describe the development of single-molecule
arrays (Simoa) technology for early-stage detection. Chapter 2 presents the analysis of the
physiological baseline of cytokine panels, enabling further research studies on the predictive role
of cytokines in health and disease. Chapters 3 and 4 detail the ultrasensitive detection of ricin
toxin and botulinum neurotoxin in human biological samples, providing clinically actionable
information in a timeframe where there is only a short window for intervention. Chapter 5 further
evaluates the Simoa assay performance by using antigen-antibody binding kinetics to simplify
the assay optimization process while maximizing its performance.

2

Acknowledgements
It has been a long but wonderful journey for me and I am forever grateful for continuous support
from all important persons in my life. Because I do not know who I would become and how I
would turn out without them being by my side. Thank you!
First and foremost, I would like to give my deepest gratitude to my mentor, professor David
Walt, for his “tough” love and understanding during my entire graduate life. Dr. Walt, working
with you has been a challenge from day 1 because you are not the typical gentle mentor type that
is looking over my shoulder at all-time. You are very hands-off and set a high standard for your
students. However, you were always there when I needed you. You were there to answer my
emails at two in the morning. You were there when I was making mistakes or ran into big
troubles. You were there to cheer me up after failing a test. And you were there to take the ice
bucket challenge on a Walt lab beach day. From that, our mentor-mentee relationship grew to
something much greater than anything that I can ever hope for. Without you or your support, I
can never become who I am today and who I could be in the future. Therefore, I am very
thankful and honor to have you as my mentor.
I also want to thank my committee members, professor Charlie Sykes and professor Krishna
Kumar, for being outstanding in their advice and suggestions during my study. They went above
and beyond their roles and always welcome me when I have questions or troubles in research.
They were there to challenge me and make sure that I become a qualified scientist. But at the
same time, they were there to guide me in each step of the way in achieving that goal. I also want
to thank my external committee member and collaborator, professor Charles Shoemaker. I was a
second year student when I started the collaboration with you in a very unfamiliar topic to me at
that time. However, you are very patient in explaining the background and techniques to me. I
3

am also very thankful that you agreed to be my external committee member because I cannot
think of anyone else that is a better fit than you due to your deep understanding of my research.
Walt lab members, I am so thankful to you for being an active part of my graduate journey. You
all created such a pleasant and collaborative environment that I am so grateful to be a part of. I
will miss so much all the lunch days, after work social hours, holiday parties, and goofy beach
days that we spent together during the past five years. From this lab, I was not only fortunate
enough to have great coworkers but also became sisters for life with Dr. Shonda Gaylord and
Prarthana Khanna. Shonda, we have come so far in this journey together and I could not imagine
how it would be without you. It is so funny how you would listen for hours to all my crying,
complaints, and thoughts of giving up. You would first try to cheer me up with sweet words and
then told me to suck it up and keep going just because I can. Yes, you are that kind of friend and
I am so thankful to have known you and to have you in my life. And Prarthana, you are the
sweetest person that I ever met in my life. I am always impressed at how well you manage with
being a Ph.D. student, being a mom of two, and at the same time being a sister that I can always
count on. I am so proud of you, Prarthana, and our wonderful friendship. I hope that wherever
we end up to be and whoever we become, we will always be in touch and be a part of each other
lives in this long journey ahead.
I am extremely thankful to have known my best friend, my partner in crime, my roommate, and
my much much more, Hang Nguyen. We have been friends for almost half of our lives and this
friendship is like a family to me. You are the constant force that I count on in every parts of my
life. Just stay as perfect as you are because to me you are the most wonderful woman I ever met.
I hope our friendship will be here and forever regardless of whatever might come at us. My
boyfriend, Raymond Wang, I am so happy to have met you and to have you as a partner in my

4

life. Your love and support have been a wonderful thing that happened to me. I am also thankful
to your perfect English grammar that making you the language reviewer of all my papers and
thesis chapters. I could never ask for anything more from you and I cannot wait to spend my next
and many more chapters in life with you. Last but not least, I am so grateful to my parents,
Huong Dinh and Nhung Le, for their unconditional love and support for all my life. I just want to
shout out, “Con cam on ba me”, a Vietnamese sentence for I am thankful to you, mom and dad. I
can never repay what you have done for me but forever feel thankful and blessed to be your
daughter. I love you!

5

Table of Contents
Abstract ........................................................................................................................................... 2
Acknowledgements ......................................................................................................................... 3
Table of Contents ............................................................................................................................ 6
List of Figures ................................................................................................................................. 8
List of Tables .................................................................................................................................. 8
Chapter 1: Introduction to protein biomarker detection methods ................................................... 9
1.1 The importance of protein detection methods .................................................................... 10
1.2. Protein detection methods .................................................................................................. 11
1.2.1. Enzyme-linked immunosorbent assay (ELISA) ......................................................... 11
1.2.2. The single-molecule array (Simoa) assay ................................................................... 14
1.3. Summary ............................................................................................................................ 22
Chapter 2: In-depth analyses of human inflammatory cytokines reveal complex baseline
variations ....................................................................................................................................... 23
2.1 Abstract ............................................................................................................................... 24
2.2 In-depth analyses of human inflammatory cytokines ......................................................... 24
2.2.1. Introduction ................................................................................................................. 24
2.2.2 Materials and methods ................................................................................................. 27
2.2.3 Results and discussion ................................................................................................. 33
2.2.4 Conclusions .................................................................................................................. 53
2.2.5 Acknowledgement ....................................................................................................... 53
Chapter 3: Rapid and ultrasensitive detection of ricin toxin in human serum and urine .............. 54
3.1 Abstract ............................................................................................................................... 55
3.2 Fully-automatic ultra-sensitive quantification of ricin toxin in human serum and urine ... 55
3.2.1 Introduction .................................................................................................................. 55
3.2.2 Methods........................................................................................................................ 60
3.2.3 Results .......................................................................................................................... 63
3.2.4 Conclusions .................................................................................................................. 71
Chapter 4: Rapid and ultrasensitive detection of botulinum neurotoxin serotype A1 in human
serum and urine ............................................................................................................................. 73
4.1. Abstract .............................................................................................................................. 74
4.2. Fully-automatic ultra-sensitive quantification of BoNT/A1 in human serum and urine ... 74
4.2.1 Introduction .................................................................................................................. 74
4.2.2 Materials and methods ................................................................................................. 77
6

4.2.3 Results and discussion ................................................................................................. 81
4.2.4 Conclusions .................................................................................................................. 85
4.2.5. Funding ....................................................................................................................... 85
Chapter 5: Using antigen-antibody binding kinetic parameters to understand single-molecule
array immunoassay performance .................................................................................................. 86
5.1 Abstract ............................................................................................................................... 87
5.2 Introduction ......................................................................................................................... 87
5.3 Materials and methods ........................................................................................................ 90
5.3.1 Materials and Instrumentation. .................................................................................... 90
5.3.2 Kinetic analysis by SPR. .............................................................................................. 91
5.3.3 The Simoa assay. ......................................................................................................... 92
5.3.4 Safety considerations. .................................................................................................. 93
5.4 Results and discussion ........................................................................................................ 93
5.5 Conclusions ....................................................................................................................... 102
5.6 Acknowledgement ............................................................................................................ 102
References ................................................................................................................................... 103

7

List of Figures
No table of figures entries found.
This is an automatic table of contents. To use it, apply heading styles (on the Home tab) to the
text that goes in your table of contents, and then update this table.
If you want to type your own entries, use a manual table of contents (in the same menu as the
automatic one).

List of Tables
Chapter 2
Table 3: Time and symptoms of nine self-reported sick individuals. ........................................... 48

8

Chapter 1: Introduction to protein biomarker detection
methods
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1.1 The importance of protein detection methods
As published by the World Health Organization, in 2004, an estimated 14.7 million deaths were
directly related to infectious disease. In 2011, lower respiratory infections, diarrheal disease, and
HIV/AIDS were identified as three of the top ten leading causes of death in the world. Infectious
diseases are caused by microorganisms that have the capacity to cause disease such as bacteria,
viruses, fungi, protozoa, helminths and prions. These pathogens release potent toxins and other
harmful factors that cause disease symptoms. Therefore, a sensitive detection method is needed
for early diagnosis in order to provide early treatment and prevent transmission of these lifethreatening diseases. In recent decades, hundreds of studies have shown that the concentration
of multiple proteins are correlated to disease progression. For example, in the host immune
response, cytokines (low molecular weight proteins, 8-80 kDa) are known to be the mediator
molecules that activate or regulate responses of both innate and adaptive immune systems 1.
Cytokines are secreted by cells due to pro- or anti-inflammation in response to pathogen
invasion. Cytokine production can be stimulated by a variety of antigens and also by other
cytokines. Each cytokine can synergize, inhibit or alter the production and behavior of other
cytokines. Cytokine’s production and function form a complicated network that ultimately
results in a specific immune response. Therefore, many proteins such as cytokines may serve as
potential biomarkers for the early diagnosis of diseases, such as tuberculosis, pneumonia, and
prostate cancer 2-4. In this chapter, we will describe the fundamental aspects of the conventional
protein detection method, enzyme-linked immunosorbent assay (ELISA), and its advantages and
limitations in the clinical setting. Then, the chapter will detail the progression in improving the
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assay sensitivity by using single molecule technology, starting from a manual optical fiber
platform to a fully automatic system.
1.2. Protein detection methods
1.2.1. Enzyme-linked immunosorbent assay (ELISA)
Enzyme-linked immunosorbent assay (ELISA) is the most common immunoassay method for
protein detection. It combines the specificity of antibodies with the sensitivity of an enzymesubstrate reaction to provide the measurement of target protein (also called antigens)
concentration. The ability of enzyme to turn over many substrate molecules to generate a
detectable amplified fluorescence signal is a great advantage of using ELISA.
There are different types of ELISAs, and when high specificity is needed, sandwich or capture
ELISAs are usually chosen. A sandwich ELISA has six main components: a solid support,
capture antibody, target protein (or antigen of interest), detection antibody, enzyme, and enzyme
substrate. A solid support, such as a polystyrene microtiter plate, is used to immobilize the
capture antibodies onto its surface. Capture antibody and detection antibody are selected to
specifically bind to the antigen of interest via different binding sites (or epitopes). The detection
antibody can be directly conjugated with the enzyme or via an indirect biological interaction,
such as biotin-streptavidin binding, in which the detection antibody is conjugated with a biotin
tag and the enzyme is conjugated with a streptavidin tag. Biotin binds streptavidin with high
specificity and affinity (KD ~ 10-15 M), and thus this system is often chosen for linking proteins in
an immunoassay. The enzyme is used to turn over enzyme substrates to generate fluorescent
product molecules, which are used as the signal indicator in a sandwich ELISA.
The process of a sandwich ELISA first requires the immobilization of capture antibody on a
solid support via physical adsorption, chemical covalent bonding, or both. This step is usually
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followed by a blocking step to cover the uncoated surface and to further prevent nonspecific
adsorption of the target proteins to the solid support. The coated solid support is then incubated
with target protein solution. The capture antibodies bind to the specific antigen; unbound antigen
is removed during the following wash step. The complexes are then labeled with biotinconjugated detection antibodies specific to the antigen. A washing step is done to remove excess
detection antibody. Then, a solution of streptavidin-conjugated enzyme is added to form the
enzyme-labeled immunocomplexes on the solid support via the biotin-streptavidin binding. A
washing step is done to remove excess enzyme. Then, enzyme substrate solution is added. The
enzyme turns over the substrate and generates a detectable signal in the form of fluorescent
product 5.
Currently, there are many commercially available protein detection kits using various detection
methods. The foundations for these methods are similar to the traditional ELISA with slight
modifications, primarily in the enzyme amplification step. As an example, for cytokine detection,
three commonly used platforms include the chemiluminescent Q-plex kit from QuansysBio, the
bead-based ELISA Luminex human cytokine magnetic 30-plex panel from Invitrogen, and the
electrochemiluminescent from Meso Scale Diagnostics (MSD).
In the Q-plex kit from QuansysBio, each well in the microtiter plate is micro-spotted with
different capture antibodies. The plate requires two incubation steps. The first incubation is with
the sample containing the target proteins. Then, the second incubation is with the detection
antibody. The detection antibody is conjugated with horseradish peroxidase (HRP). A
proprietary enzyme substrate is added at the last step. The enzyme turns over the substrate,
generating a chemiluminescent product. The positions of the spots are used to distinguish the
types of captured cytokines, while the intensities of each spot are used to determine the cytokine
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concentrations. Compared to traditional ELISAs, this method has demonstrated greater
sensitivity while using smaller sample volumes (15-50 µL compared to 50-100 µL). The current
limits of detection by Q-Plex for most cytokines are in the low picomolar range.
In the Luminex kit, capture antibodies are conjugated to the surface of encoded polystyrene
magnetic beads. Using 2 different dyes with different concentrations and combinations, 500
distinctly colored bead sets have been generated. These beads are incubated with target protein
solution and detection antibody solution consecutively, generating immunocomplexes on the
bead surface. The detection antibody is conjugated with the fluorescent protein R-phycoerythrin.
The beads are then passed through a flow cytometer, where they are interrogated by two lasers.
The fluorescence intensity of the encoding dyes will classify the type of cytokine, while the
intensity of R-phycoerythrin fluorescence indicates the cytokine concentration. Using this
encoded bead-based assay technology, up to 30 cytokines can be processed simultaneously.
However, the current limits of detection for the Luminex method for most cytokines are also in
the low picomolar range.
In the MSD kit, instead of a conventional polystyrene plate, the capture antibodies are coated on
a high binding carbon electrode plate. Similar to a sandwich ELISA, the capture antibodies were
incubated with target proteins and then with detection antibodies to form immunocomplexes on
the plate. The difference in this technology is there is no enzyme present. The detection antibody
is directly conjugated to a electrochemiluminescent label, called SULFO-TAG. Voltage is
applied to the electrode plate leading to the light emission by the SULFO-TAG label. The
concentration of the target proteins is then measured by this emitted light intensity. The main
advantage in this technology is a low background due to the electric stimulation method that only
allows labels near the electrode surface to be detected. In addition, the electrode plate enhances
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the attachment of antibodies up to 10-fold higher than the polystyrene plate, allowing higher
antibody ratio during the target protein binding step.
The main disadvantage of these platforms, is their limits of detection. With the ordinary reaction
volume (50 µL – 100 µL), it takes millions of fluorescent product molecules to generate a
detectable signal above the background, resulting in the current limit of detection for ELISA in
the pM range 6. While using these platforms, many proteins might be undetected until the later
stages of disease progression. Therefore, to access a larger profile of cytokines, or other proteins,
that might enable early disease detection, a more sensitive diagnostic with a lower limit of
detection is required.
1.2.2. The single-molecule array (Simoa) assay
1.2.2.1. The Simoa assay in optical fiber platform
Optical fiber is comprised of a fiber core surrounded by a layer of cladding. Both core and
cladding components are often made from glass with different doping properties, which leads to
the lower refractive index of the cladding compared to the core 7. When light enters the core at
an angle greater than the critical angle, θcr, it transmits end-to-end via total internal reflection.
According to Snell's law, when light passes through the boundary of two different refractive
index media, the relationship between the angle of incidence and refraction can be described
using equation 1.
sin θ1
sin θ2

=

𝑛2
𝑛1

(1)

θ1 is the incident angle at which light enters from the media 1 of refractive index n1 to the media
2 of refractive index n2. θ2 is the refracted angle that indicates the refraction of light at the
interface between two media. The critical angle θcr for total internal reflection is the value of the
incident angle θ1 when the refracted angle θ2 equals 90-degree. Thus, with known values of
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refractive indexes n1 of the optical core and n2 of the cladding, the critical angle that results in
total internal reflection when light enters the core can be calculated using equation 2.
𝑛

θcr = arcsin 𝑛2
1

(2)

In our experiments, approximately 50,000 fibers are fused together to generate the optical fiber
bundle. The position of each fiber on one end is identical to its position on the other end7,
generating the coherent nature of the fiber bundle. The core is made from pure silica, while the
cladding is made from germania-doped silica to reduce the refractive index. When exposed to
mild hydrochloric acid (0.025 M HCl), the cladding and core will differentially etch, generating
roughly 50,000 wells with a diameter of 4.5 m and a depth of 3.25 m on a 2-mm-wide array.
These femtoliter-sized reaction wells are used as a detection platform for the target proteins.
Eight fiber bundles are assembled into a fiber strip. In order to ensure the effective sealing of the
fiber strip using the PDMS gasket in the Simoa assay, the hydrophobicity of the strip is enhanced
by the silanization with N-cyclohexylaminopropyltrimethoxy silane.
The Simoa assay consists of two steps: the formation of enzyme-labeled immunocomplexes on
the beads and the detection of single enzyme-labeled proteins in femtoliter-sized reaction wells.
Similar to a bead-based sandwich ELISA, the Simoa assay attaches capture antibodies, specific
to the protein target, to paramagnetic polystyrene beads. Thousands of captured beads bind the
target proteins from the sample matrix. The bound proteins are labeled with biotin-conjugated
detector antibodies and then by streptavidin-β-galactosidase (SβG) enzymes, forming enzymelabeled immunocomplexes on the beads. The captured beads are loaded into 50,000 femtoliter
reaction wells on the optical fiber bundle, where one well fits only one bead. The wells are
sealed with a silicone PDMS gasket in the presence of an enzyme substrate, resorufin-β-ᴅgalactopyranoside (RDG), thereby isolating individual femtoliter wells containing RDG and
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beads. The wells containing the enzyme-labeled immunocomplex beads will turn over the RDG
substrate to generate resorufin, a fluorescent product. To overcome the random fluorescent
background signal, an overall increase in fluorescence intensity of the same well over the five
images of at least 20% is deemed a positive signal, i.e., an enzyme-labeled immunocomplex bead
(“on” well). The wells are imaged using a built-in charge-coupled device (CCD) camera and
standard imaging optics4. Five images of the arrays are taken in 30-s intervals.
The Simoa assay uses paramagnetic polystyrene beads as a solid substrate for target protein
binding due to their ease-of-separation with a magnetic field and large contact surface area 8. In
addition, by distributing the capture component throughout the sample, the beads help to
overcome the diffusion limitation of using a fixed, planar and unstirred substrate such as the
bottom well surface in an ELISA 96-well plate9. In order to ensure that only one bead can fit in
one 4.5 µm diameter well, we choose beads with ~ 2.7 µm diameter.
The beads are purchased with a coated carboxyl-terminated layer. The capture antibody is
coupled to carboxyl-terminated paramagnetic beads using the standard 1-ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC) coupling procedure. In brief, the
carboxyl groups on the beads are activated by the EDC to form the ο-acylisourea active ester on
the bead. This ester is later displaced by nucleophilic attack of the primary amine on the capture
antibody, leading to the formation of the amide bond between the original carboxyl group and
the primary amine. At the end, the capture antibody is covalently linked to the paramagnetic
bead. 2-(N-morpholino)ethanesulfonic acid (MES) buffer with a pH of 6.2 is used for the EDC
reaction because it does not contain competing amines or phosphates while effectively
maintaining the optimal acid condition for the coupling reaction. Approximately 500,000 of
these beads are used to capture the target proteins in a 100-µL sample volume. This total number
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of beads was determined beforehand by balancing multiple aspects of the protein capturing step:
protein capture efficiency, number of molecules per bead for a given capture number, and
diffusional distance between beads during capture10. Too few beads will lead to lower capture
efficiency during capture. Too many beads will decrease the number of bound molecules per
bead, the relevant parameter for Simoa detection. The optimal range for bead concentration is
determined to be between 200,000 to 500,000 beads per 100-µL sample volume10.
After the formation of the enzyme-labeled immunocomplexes, the beads are loaded into the
wells via centrifugation. A PVC tube is wrapped around each fiber in the fiber strip to facilitate
the bead loading. 10 µL of each bead solution is added into the PVC tube. The whole fiber strip
is centrifuged at 3000 rpm for 5 min to trap individual beads into the wells. The PVC tubes are
removed and the fiber strip is subjected to mechanical sealing by the PDMS gasket in the
presence of 30 µL of the RDG solution. The sealing and imaging processes are done by a
custom-built 8-fiber imager (Quanterix Inc.). “On” wells containing the enzyme-labeled
immunocomplex beads will turn over the RDG substrate to generate resorufin, and are imaged
using a built-in CCD camera and standard imaging optics 4.
The custom-built 8-fiber imager is used for imaging and analysis. The objective is set close to
the proximal end of the fiber, while the distal end is sealed with the PDMS gasket in the presence
of RDG substrate. Light from the mercury lamp enters the filter turret, passes through the
excitation filter, and is sent through the 10X objective to focus the light onto the proximal end of
the fiber. Once inside the fibers, the light propagates to the distal end and excites the resorufin
products. The emitted fluorescent light will propagate within the fiber core via total internal
reflection and will be collected by the same 10X objective. Before entering the detector, the light
is filtered by an emission filter to remove any reflected or scattered excitation light. A detector
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CCD camera is used to take an image of the remaining fluorescent light as a function of its
positions on the fiber bundle microarrays. This process is repeated for the remaining 7 fibers on
the fiber strip, as the strip holding stage automatically positions the proximal end of the next
fiber close to the objective. After the last fiber on the strip is imaged, the strip moves back to the
first fiber. The second image is taken of the first fiber exactly 30 seconds after the first image of
the same fiber. Five images in total are taken for each fiber in 30-second intervals. As mentioned
above, only the wells with an overall increase of fluorescence intensity over five images of at
least 20% are deemed as positive signals, i.e., an enzyme-labeled immunocomplex bead (“on”
well). The bottom white light image will be taken to determine the total number of beads within
the arrays.
After the bead loading, most of the wells in the fiber bundle arrays contain a bead, but only beads
that carry an immunocomplex will generate a fluorescence signal, due to the conjugated enzyme
turning over the added enzyme substrate. At a very low ratio of target protein molecules to beads
(µ), according to Poisson statistics, the probability (P) of having a ν number of target molecules
per bead can be calculated using equation 3.
Pµ(ν) = 𝑒 −µ(

µ𝜈
𝜈!

)

(3)

In the Simoa assay, the total number of beads is kept constant at all concentrations of the target
protein. Thus, from equation 3, at very low concentrations of the target protein, most of the beads
will not carry the target protein or immunocomplex, only the "on" beads will carry one
immunocomplex. For example, at 0.5 fM concentration of target protein, there are ~30,000
molecules in 100-µL solution. Using ~500,000 beads at 100% capture efficiency the μ ratio will
be 0.06. Plugging this μ ratio into equation 3, 95% of the beads will have zero
immunocomplexes, while the remaining 5% will carry one immunocomplex per bead. Therefore,
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using Poisson statistics at very low concentrations of target protein, we can ensure that each “on”
well bears exactly one immunocomplex. By counting the number of “on” wells, one can derive
the number of target protein molecules in the solution.
At higher concentrations of target protein, where each bead carries one or more
immunocomplexes, counting the number of "on" wells using digital scales is no longer accurate.
To expand the dynamic detection range, the average fluorescence intensity of the “on” wells is
used to determine the concentration of the target protein in higher-concentration samples or in
analog range. The average enzyme per bead (AEB) will be used as the standard unit of
measurement for both the digital and analog ranges in the Simoa assay. The AEBdigital (digitally
determined AEB) equals the ratio of bound target protein molecules to number of beads or the µ
value (Equation 4) in the digital range by definition.
µ= AEBdigital= -ln[1- fon]

(4)

Using Poisson statistics, the digital range works well for arrays with less than 70% active beads.
To expand the dynamic range, the AEBanalog, and therefore protein concentrations in the analog
range, can be determined using the average fluorescent intensity of wells containing an active
bead in the array (Ībead) and the average fluorescent intensity generated by a single enzyme
(Īsingle) (Equation 5).
µ= AEBdigital= -ln[1- fon]

(5)

Īsingle can be determined from the array images where the "on" beads are dominant due to a single
enzyme and substrate depletion is negligible. We chose the arrays with less than 0.1 fraction-on
(fon) or 10% active beads for these purposes (Equation 6).
AEBanalog =

𝑓𝑜𝑛 × Ī𝑏𝑒𝑎𝑑
Ī𝑠𝑖𝑛𝑔𝑙𝑒

(6)
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The AEB values in digital range (Equation 4) and analog range (Equation 6) can then be plotted
together in one Simoa calibration curve at up to 4-log concentrations dynamic range for prostate
specific antigen (PSA) detection, with a limit of detection in the low femtomolar range 4.
1.2.2.2. The Simoa assay in microfabricated polymer array assemblies
While the Simoa assay has provided greatly enhanced sensitivity compared to the ELISA, it is
still a time-consuming and labor-intensive process. It is of the utmost importance to improve and
transfer the Simoa assay to a fully automatic process. Although the optical fiber platform is
highly reliable in Simoa applications, it is difficult to use this platform in non-specialized
laboratories worldwide due to several challenges. First, the fabrication and silanization processes
to generate the femtoliter-well arrays require specially trained personnel and a number of
precision tools. Also, bead loading into these microwells requires a high centrifugal force, which
limits the options for automation. Finally, the PDMS gasket for mechanical sealing requires great
care during preparation and handling thus presenting multiple challenges for robust day-to-day
operations. A new microarray platform with simplified bead isolation and loading as well as
array sealing is needed to advance to a fully automatic Simoa assay.
Quanterix Inc. (Lexington, MA) introduced enclosed polymeric array assemblies, similar in
shape to a DVD, as a solution to the aforementioned challenges. There are 24 arrays arranged
radially on the 120-mm diameter polymeric array assemblies. Each array comprises one wellpatch enclosed in a 500-µm-deep fluidic channel, one inlet port and one venting port. A 3 mm x
4 mm well-patch consists of ~ 216,000 femtoliter-wells. The enzyme-labeled immunocomplex
beads are suspended in a 25 µL of RDG substrate and 15 µL of the bead suspension is loaded
into the assemblies through the fluidic inlet port. A vacuum is applied through the venting port to
suck the bead suspension into the channel which is then passed through the well-patch. The bead
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suspension is then loaded into the femtoliter-wells via gravity for 90 seconds. Then, fluorocarbon
oil solution is passed through the well-patch to remove excess beads (the beads that are not
loaded into the wells) and to seal the well-patch. The use of oil to efficiently seal the Simoa
microarray was discussed elsewhere 11.
Using 500,000 beads, there are roughly 25,000-50,000 beads individually loaded into the wells.
The main calculation factor in the Simoa assay is the ratio of positive wells to the total number of
beads. The precision of the Simoa assay will be upheld over a wide range of numbers of loaded
beads, provided that there are sufficient numbers of beads to overcome the Poisson noise when
the background associated with positive wells drops to below ~ 50 beads 12. There must be at
least 5000 loaded beads to overcome the Poisson noise, assuming a background of 1% positive
wells. Therefore, having 25,000-50,000 beads loaded are sufficient for the Simoa assay.
After the successful development of the polymer array assemblies, also known as a Simoa disc,
the assemblies are incorporated into the fully automatic Simoa HD-1 Analyzer 12. This Analyzer
is a floor-standing instrument with dimensions of 55.7 in. width x 31 in. depth x 63.5 in. height.
The Simoa HD-1 Analyzer performs all the steps in the Simoa assay from sample input to data
output, including incubations, washings, bead loading, oil sealing, imaging and analysis in an
automatic closed-loop system. Simoa reagents, including the antibody coated paramagnetic bead
solution, biotin-detection antibody solution, SβG solution, and RDG solution, are separately
prepared in plastic bottles and are loaded onto the Simoa HD-1 Analyzer for automatic
dispensing. The samples can be prepared in a 96-well ELISA plate or in sample tubes. There are
8 lanes for a sample tube rack (12 positions each = 96 samples), and four positions for the 96well plates (=384 samples). In a 3-step assay mode, 15-5-5 minutes for bead capturing-detection
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antibody labeling-and enzyme labeling, respectively. The first AEB read-out can be obtained in
as little as 64 minutes with each subsequent data point in 45 seconds.
1.3. Summary
The Simoa assay has rapidly evolved from the first introduced optical fiber platform to the fully
automatic Simoa HD-1 Analyzer while maintaining its ultrasensitive detection capability. This
dissertation explores and details the applications of the Simoa assay in detection of relevant
diseases, including influenza, ricin intoxication and botulinum intoxication. The performance of
the Simoa assay will be further evaluated using the fundamental differences in the antigenantibody binding kinetics in Chapter 5 of this dissertation. The enhancement in time, sensitivity,
and decrease in labor intensity makes the Simoa assay one of the best solutions for clinical
disease diagnostics, especially when there is only a short window of intervention possible.
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Chapter 2: In-depth analyses of human inflammatory
cytokines reveal complex baseline variations
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2.1 Abstract
Comprehensive characterization of the healthy human baseline is essential for personalized
medicine. Baseline data are necessary to understand the variation between individuals as well as
longitudinal variation within individuals. Such data will provide critical reference information
that enables clinicians to determine when individuals are outside their “normal” healthy state and
moving toward an “abnormal” or disease state. Many important biomarkers, such as cytokines,
exist at low or undetectable levels in the healthy state, making it a challenge to employ these
molecules in clinical diagnostic tests that can advise therapeutic interventions. In this paper, we
describe a multiplexed single-molecule array method, that enabled us to generate a
comprehensive baseline for a panel of 15 cytokines at sub-femtomolar concentrations in healthy
and influenza-vaccinated individuals over a 14-week period. While all of the studied cytokines
demonstrated high temporal stability (or low intra-subject variation) over the entire study period,
there were two distinct groups of cytokines that demonstrated either high (IL-5, IL-6, IL-1β, IL2, IFN-γ) or low (IL-15, GM-CSF, IL-12 p70, TNF-α, IL-12 p40, IL-7, IL-17A, IL-1α, IL-10,
IL-8) subject-to-subject variation. In addition to establishing baseline levels of these cytokines,
we used the cytokine panel to detect post-vaccination changes during innate and adaptive
immune responses, demonstrating their potential as biomarkers for host immune responses.
2.2 In-depth analyses of human inflammatory cytokines
2.2.1. Introduction
Cytokines are small proteins secreted by immune cells that facilitate interactions and
communications between cells1. By controlling various processes including protein expression,
gene regulation, and cell proliferation, they are key regulators of the immune system and are
essential in modulating both the innate and adaptive immune responses13,14. Measuring these
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immune mediators has increasingly attracted attention because they provide information about
immunological functions, pathogeneses over the course of a disease or infection, and immune
responses to therapies and interventions15-17. However, many cytokines cannot be measured
because they exist in serum at concentrations below the detection limits of conventional
immunoassay methods used, making it a challenge to fully characterize and apply the
physiological cytokine baseline.
Some cytokines are present at pM range or above in body fluids, while most are expressed at fM
levels or even lower. Many cytokines, such as IL-6, have been found to be important biomarkers
in various diseases18-20, but only during the acute phase when their levels are high enough to be
detected. Since the levels of cytokines are correlated to disease types and stages, ultrasensitive
methods that enable cytokine profiling in healthy or asymptomatic/pre-disease stage subjects can
be highly informative for health monitoring or early disease diagnosis. Investigating the natural
fluctuations in cytokines level over time for individuals can provide significant insights into the
physiological baseline that can help to inform disease diagnosis when perturbations occur and to
enable personalized medicine21.
To the best of our knowledge, the inter- and intra-individual baseline variations of cytokines in
serum have not been extensively studied22. Due to the lack of sufficiently sensitive detection
technology, reported quantitative measurement of cytokines in serum and plasma are limited to a
few cytokines that either have higher physiological concentrations or increase during acute
disease states23,24. The low sensitivity of current detection methods, such as enzyme-linked
immunosorbent assay (ELISA), precludes the measurement of many informative cytokines,
which becomes a barrier to the widespread clinical application of cytokine-based disease
diagnostics and treatment.
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Single-molecule array (Simoa) assays, also called digital ELISAs, have been developed to
address this limitation in protein detection sensitivity. By integrating the conventional beadbased ELISA with microwell-array technology, limits of detection (LOD) reach the attomolar
(aM) to fM range (up to 1000-fold more sensitive than ELISA), thus enabling the ultrasensitive
detection of proteins, including cytokines25-27. Simoa technology offers a new platform to
quantify protein concentrations at previously undetectable levels, and has been applied for
detecting protein biomarkers in early-stage of diseases, such as dengue virus infection28, ricin
intoxication26, prostate cancer25, botulinum intoxication29, Crohn’s disease30, and neurological
disorders31.
In this chapter, we used the Simoa technology to monitor the long-term (14-week) baseline
profiles in healthy human serum samples for 15 cytokines, most of which have concentrations in
the fM range or lower. We measured cytokine levels both within an individual and between
individuals to characterize the variation in human baseline cytokine levels. In addition, we used
these baseline measurements as the basis to study whether we could detect changes in the
concentrations of various cytokines when subjects were challenged with the seasonal influenza
vaccine. For this part of the study, the cytokine levels were monitored in healthy human
participants who were administered the trivalent 2014–2015 influenza vaccine during the study.
Although vaccination does not fully recapitulate an influenza infection, it can serve as a model
for ascertaining how cytokines respond upon activation of the innate and adaptive immune
system.
By utilizing the Simoa technology and the baseline database created, we demonstrate the ability
to detect the variations of 15 serum cytokine levels at fM-concentration range in both healthy
and influenza vaccine-challenged subjects. Through this study, we demonstrate that Simoa
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enables the measurement of an entire 15-cytokine panel that provides insights into baseline
physiological cytokine fluctuations and the host immune responses against influenza vaccination.
2.2.2 Materials and methods
Materials
The Simoa HD-1 Analyzer, five fluorescent dye-encoded multiplex bead types (488 L1, 647 L1,
647 L2, 700 L2, 700 L1), and the Simoa homebrew assay kits were purchased from Quanterix
Inc. (Lexington, MA). The homebrew assay kit included carboxyl-functionalized paramagnetic
beads (2.7-µm in diameter), SβG concentrate, RDG substrate, 1-ethyl-3-(3dimethylaminopropyl)carbodiimide hydrochloride (EDC), diluents (bead diluent, detector
diluent, and SβG diluent), buffers (bead wash buffer, bead conjugation buffer, bead blocking
buffer, wash buffer 1, wash buffer 2), fluorocarbon oil, reagent bottles, pipette tips, 96-well
microtiter plate, Simoa discs, and reaction cuvettes. Amicon Ultra-0.5 mL centrifugal filters 50
kD were purchased from EMD Millipore (Billerica, MA). Manufacturer information about
capture antibodies, detection antibodies, and human recombinant cytokines are listed in Table 1.
Phosphate buffered saline (PBS) and newborn calf serum were purchased from Life
Technologies (Carlsbad, CA). ChromaLink biotin was purchased from Solulink Inc. (San Diego,
CA). 0.5 mL- Zeba spin desalting columns (7K MWCO) were purchased from Thermo Fisher
Scientific (Waltham, MA).
Preparation of capture beads with capture antibodies
The multiplex beads were purchased with pre-encoded fluorescent dyes to generate multiple
distinct bead populations. Detailed information about the dye-encoding process can be found
elsewhere32. The antibody coupling onto the paramagnetic beads is similar for both beads with or
without dye-encoding. In brief, approximately 2.3 x 108 paramagnetic beads were washed three
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times with bead wash buffer and two times with bead conjugation buffer. The washed beads
were suspended in 190 µL of bead conjugation buffer, followed by the addition of 10 µL of 10
mg/mL EDC solution. The mixture was incubated for 30 min at 1000 rpm. Beads were washed
once with bead conjugation buffer, followed by the addition of 200 µL of 0.5 mg/mL capture
antibody in bead conjugation buffer. The mixture was incubated for 2 h at 1000 rpm. After
washing two times with bead wash buffer, the beads were incubated with 200 µL of bead
blocking buffer for 30 min at 1000 rpm. The beads were washed once with bead wash buffer,
once with bead diluent buffer, and were stored in 200 µL of bead diluent buffer at 4 ºC.
Preparation of biotin-conjugated detection antibodies
Detection antibodies of anti-GM-CSF, anti-TNF-α, anti-IFN-γ, and anti-IL-2, were biotinconjugated in house following the manufacturer’s protocol (Solulink Inc., San Diego, CA). In
brief, a Zeba spin desalting column was washed three times with modification buffer (100 mM
sodium phosphate, 0.15 M NaCl, pH=8). 500 µL of 1 mg/mL detection antibody was added to
the washed column and the column was centrifuged at 1500 x g for 2 min. Meanwhile, 100
mg/mL ChromaLink biotin was prepared in anhydrous dimethylformamide. Biotin solution was
added to desalted antibody in 8-9-fold excess and the mixture was incubated for 90 min at room
temperature without shaking. While incubating, two new Zeba columns were washed with 1X
PBS. After incubation, antibodies were purified by passing through each Zeba column at 1500 x
g for 2 min. Purified biotin-conjugated detection antibodies were stored at -20oC. All other
detection antibodies were purchased with biotin-conjugates and were stored at the
manufacturer’s recommended storage conditions.
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Simoa HD-1 analyzer
All reagent solutions (5 x 106/mL capture antibody coated paramagnetic beads, biotin-conjugated
detection antibodies (see Table 1 for the detection antibody concentration), 150 pM SβG reagent,
1X PBS buffer, 100 µM RDG substrate, wash buffer 1, wash buffer 2, and fluorocarbon oil)
were loaded into the instrument. Serial dilutions of the cytokine calibrators were prepared in 1X
PBS containing 25% newborn calf serum. The calibrators and human serum samples were loaded
in a 96-well plate and inserted into the sample bay. Human serum samples were four-fold diluted
in 1X PBS buffer. Calibrators and samples were run in triplicate.
The human serum samples were screened for 15 cytokines using a total of five Simoa assays:
two single-plex assays and three multiplex assays. Specifically, there were two single-plex
assays (IL-2 and IL-5), two four-plex assays (IFN-γ, IL-6, IL-1β, GM-CSF and IL-10, IL-7,
TNF-α, IL-8), and one five-plex assay (IL-12 p40, IL-12 p70, IL-1α, IL-17A, IL-15). All reagent
solutions were prepared in the same manner for all single-plex and multi-plex assays, except for
the antibody coated beads solution. In a single-plex assay, the bead solution was prepared at 5 x
106 beads/mL. In a 4-plex assay, the bead solution was prepared with 1.25 x 106 beads/mL for
each bead type. In a 5-plex assay, the bead solution was prepared with 1 x 106 beads/mL for each
bead type. In each assay, the final bead concentration was 5 x 10 6 beads/mL.
After all assay materials were loaded in the instrument, the Simoa HD-1 analyzer carried out the
following steps for every calibrator and diluted sample: 100 µL of the bead solution was pipetted
into a reaction cuvette, pelleted with a magnet, supernatant was removed, and 100 µL of the
calibrator or diluted serum sample was added. The mixture was incubated for 15 min. The beads
were washed with wash buffer 1, pelleted, supernatant was removed and the beads were
incubated with 100 µL of biotin-conjugated detection antibody solution for 5 min. The beads

29

were washed with wash buffer 1, pelleted, supernatant was removed and the beads were
incubated with 100 µL of SβG enzyme solution for 5 min. The beads were subsequently washed
with wash buffer 1 and wash buffer 2, and were suspended in 25 µL of RDG substrate solution.
Following, 15 µL of the bead-substrate solution was loaded via gravity into the 216,000
femtoliter-well array on a 24-array Simoa disc33, in which one well can fit only one bead. The
wells were sealed with fluorocarbon oil. “On” wells with the enzyme-labeled immunocomplex
beads hydrolyzed the RDG substrate to generate fluorescent product, resorufin.
Two resorufin-channel fluorescence images, excitation/emission of 574 nm/615 nm, of the wellarray were taken at a 30-s interval, with a threshold of at least 20 % increase in fluorescent
intensity, to determine the number of “on” wells versus the random fluorescent background.
Subsequent fluorescent images were taken at excitation/emission of 680 nm/720 nm for the
identification of 700 L1 and 700 L1 bead types, 622 nm/667 nm for the identification of 647 L1
and 647 L2 bead types, and 490 nm/530 nm for the identification of 488 L1 bead type. Using
these pre-identified fluorescent multiplex beads, the Simoa resorufin signal in “on” wells could
be attributed to the respective cytokine subpopulations in the multiplex assays. A four-parameter
logistical curve (4PLC, 1/y2 weighted) was applied for AEB as a function of cytokine
concentration curve fitting.
Participant recruitment, sample collection and preparation
Participant recruitment and sample collection followed an Institutional Review Board (IRB,
Tufts University)-approved protocol (Study number 1410019). Informed consents were obtained
from all participants in this study. Twenty-eight asymptomatic volunteers, male and female, were
recruited from Tufts University (18-35 years of age). At each study visit over the 14-week
period, 10 mL of whole blood was collected via venipuncture from the participants’ arm into
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vacutainer tubes. Blood samples from all the volunteers were collected between 5–7 pm of each
visit day. Immediately following collection, blood samples were allowed to settle at room
temperature for one hour in the vacutainer tubes. Then, the tubes were centrifuged at 2,500 rpm
for 15–20 min to separate the serum layer. The serum samples were collected into a new tube
and stored at -80 °C until use. Two participants withdrew from the study and two additional
participants provided two or fewer blood draws. These four individuals were excluded from the
study. A total of 215 samples from 24 volunteers over a 14-week period were used in this study.
Fourteen study participants opted to receive the 2014-2015 trivalent seasonal influenza vaccine
(A/California/7/2009 (H1N1)pdm09-like virus, A/Texas/50/2012 (H3N2)-like virus,
B/Massachusetts/2/2012-like virus). The vaccinated individuals were coded as V1-V14. The
other ten study participants opted not to receive the seasonal influenza vaccine, and were coded
as NV1-NV10.
Over the course of the 14-week study, of the non-vaccination group, six volunteers (NV1-5 and
NV7) had ten blood draws, two volunteers (NV6 and NV8) had nine blood draws, one volunteer
(NV9) had six blood draws, and one volunteer (NV10) had five blood draws.
Of the vaccinated group, six volunteers (V1-5 and V8) had ten blood draws, in which four blood
draws were performed prior to vaccination and six blood draws were after vaccination. V6 had
three pre-vaccination and seven post-vaccination blood draws. V7 had four pre-vaccination and
four post-vaccination blood draws. V9 had two pre-vaccination and eight post-vaccination blood
draws. V10 had five pre-vaccination and three post-vaccination blood draws. V11 and V13 both
had one pre-vaccination and seven post-vaccination blood draws. V12 had two pre-vaccination
and seven post-vaccination blood draws. V14 had one pre-vaccination and four post-vaccination
blood draws.

31

Table 1: Manufacturer information for the antibodies and protein standards used in Simoa assay. R&D Systems (Minneapolis,
MN), BioLegend (San Diego, CA), BD Biosciences (San Jose, CA), Abcam (Cambridge, MA)

Protein

Capture

Detection

Detection antibody

standard

antibody

antibody

concentration (µg/mL)

GM-CSF

R&D Systems

R&D Systems

R&D Systems

0.1

TNF-α

R&D Systems

R&D Systems

Abcam

0.3

IFN-γ

R&D Systems

BioLegend

R&D Systems

0.2

IL-1α

BioLegend

R&D Systems

R&D Systems

0.3

IL-1β

R&D Systems

BioLegend

BioLegend

0.4

IL-2

R&D Systems

R&D Systems

R&D Systems

0.6

IL-17A

BioLegend

R&D Systems

R&D Systems

0.3

IL-6

R&D Systems

R&D Systems

R&D Systems

0.015

IL-7

R&D Systems

BioLegend

BioLegend

0.4

IL-8

R&D Systems

BD Biosciences

BD Biosciences

0.00025

IL-10

R&D Systems

BioLegend

BioLegend

0.1

IL-12 p40

BioLegend

R&D Systems

BioLegend

0.15

IL-12 p70

R&D Systems

BioLegend

BioLegend

0.15

IL-15

R&D Systems

R&D Systems

R&D Systems

0.3

IL-5

R&D Systems

BioLegend

R&D Systems

0.6

Cytokine
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Data analysis
Quantification of baseline intra- and inter-subject variations: In order to establish the baseline
profiles in healthy human subjects, we used samples from participants in the NV group and prevaccination samples from participants in the V group. Nine individuals NV1, NV3, NV8, V2,
V5, V6, V8, V9, and V14 self-reported as sick during the study and therefore were excluded
from the healthy baseline profile. A total of 85 samples were used for this analysis.
Cytokine concentrations, log10 transformed, were fitted in the Analysis of Variance (ANOVA)
model (GraphPad Prism software), yielding the total variance (total R 2- sum of squares), the
temporal stability (intra-subject), and the subject-to-subject variation (inter-subject). The total
sum-of-squares is denoted by the length of the bar with inter-subject variation and intra-subject
variation shown in white and black, respectively.
Determination of the coherent post-vaccination changes: To determine the coherent changes in
post-vaccination cytokine levels, we created a heatmap displaying the log2- fold-change from
baseline level. The baseline level for each individual was calculated by averaging the measured
concentrations of all collected samples before vaccination. The fold-change from background at
each time point was calculated by dividing the measured cytokine concentration on each day
after vaccination by this baseline concentration. These values were averaged for all individuals to
determine the population’s post-vaccination fold-change.
2.2.3 Results and discussion
Ultra-sensitivity of Simoa assays for screening cytokine levels in human serum samples
The development of SiMoA for IL12p70 dimer was first done with antibody pair from R&D
system (Catalog #: BAF219 and MAB611). The bulk assay had a 0.5pM LOD but with quite
high background (about 5300 intensity unit compared to the usual 2500 range intensity unit of

33

other markers). The Simoa assay for this pair has high percent active bead (>88%) at any given
concentration. This result can be due to the unspecific binding of the detection antibody to the
bead or the well surface; therefore, it would significantly affect the low detection range of Simoa
compared to the negligible effect in the bulk detection. Then, the different antibody pair from
BioLegend (Catalog # 511001 and 508801) was tried. In bulk assay, the background was at
about 2950 intensity unit with an LOD of 0.5 pM. In Simoa, the antibody pair works well and
gives a calculated LOD of 0.67 fM, about 800-fold enhanced sensitivity in comparing to bulk
assay. The development of ELISA for detection of IL12p40 was first tried with Ab pairs from
R&D Systems, BioLegend, and mix and match Ab pair from both companies. Among them,
only the pair of R&D Systems Capture Ab (Cat #MAB609) and the BioLegend detection Ab
(Cat #508801) gave the best signal in bulk ELISA with an LOD about 0.5 pM. This Ab pair was
then tried on the Simoa that had a LOD of 50 fM and background of 2% active bead. The
background was relatively high and the LOD was not in the desired range of Simoa. Then, by
using the same reported Antibody pair (R&D Systems Capture Antibody and BioLegend
detection Antibody) but with the cytokine standard from BioLegend (cat # 566101) (instead of
R&D Systems’ standard), the LOD of the Simoa had been reduced to 13.5 fM. This Simoa assay
was 80-fold more sensitive than the bead-based bulk ELISA (at 1.08 pM) and 70-fold more
sensitive than the commercial ELISA (at 0.9 pM). The detection of IL-1alpha (BioLegend
cytokine standard, cat # 500104) in Simoa was developed with the R&D Systems antibody pair (
Cat# MAB200 and BAF200) and had an LOD of 9.1 fM. This Simoa assay was 500-fold more
sensitive than the bead-based bulk ELISA (at 5 pM) and 20 times more sensitive than the ELISA
(at 0.2 pM).
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The detection of IL-15 (R&D Systems, cat # 247-IL-005) in Simoa was developed with the R&D
Systems antibody pair (Cat# MAB647 and BAF247) and had an LOD of 29.0 fM. This digital
assay is 80-fold more sensitive than the bead-based bulk ELISA (at 2.26 pM) and 10-fold more
sensitive than the ELISA (at 0.3 pM). The detection of IL-17A (BioLegend cytokine standard) in
digital ELISA was developed with the R&D Systems antibody pair and had an LOD of 36.2 fM.
This Simoa assay was 135-fold more sensitive than the bead-based bulk ELISA (at 4.88 pM) and
11.9-fold more sensitive than the commercial ELISA kit (at 0.430 pM).
In order to develop a multiplex cytokine assay, it is important to determine if there is unspecific
binding between the cytokines in the multiplex panel. The cross reactivity tests were carried out
and the results for a panel of 11 cytokines and a panel of five cytokines are displayed in Figure 1
and 2, respectively. In this test, 500 fM concentrations of 12 cytokines (GM-CSF, IL-1β, IL-2,
IL-4, IL-5, IL-7, IL-10, IL-1alpha, IL-15, IL-17A, IL-12p40, and IL-12p70) and 1 pM of two
cytokines (IL-6, IL-8) plus one negative control (25% QBlock buffer) were spiked individually
in eleven matched antibody pair assays. The selection of cytokine concentrations was based on
their physiological concentrations in healthy human samples. No cross-reactivity above
background was observed for all cytokine matched pairs. These results strongly suggest the
possibility to develop the multiplex panel for these cytokines with high specificity.
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Figure 1: Cross reactivity test for eleven cytokines. ([GM-CSF] = [TNF-α] = [IFN-γ] = [IL-1β] = [IL-2] = [IL-4] = [IL-5] = [IL7] = [IL-10] = 500 fM, [IL-6] = [IL-8] = 1 pM)
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Figure 2: Cross reactivity test for five cytokines. ([IL-1alpha] = [IL-15] = [IL-17A] = [IL-12p40] = [IL-12p70] = 500 fM)
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Single-plex and multiplex Simoa cytokine assays with high sensitivity and specificity were
developed for screening serum samples. The concentrations of the detection antibodies and the
dynamic range for each assay were optimized to the physiological level of each cytokine in
serum samples (Figure 5, Table 1). Multiplexing the 15 cytokines into three multiplex assay
panels and two single-plex assays reduced the required sample volume for a triplicate
measurement from 1125 µL to 375 µL (a 67 % decrease), making our assay panel amenable to
routine diagnostics.
The log-log calibration curves for these assays are shown in Figure 3. In total, 215 serum
samples from 24 volunteers were screened. The detectable cytokine levels are shown in Figure 4
and Table 2. Limits of detection (LODs) were generated by combining the background signal
and three times the standard deviation of the background. It is important to note that because IL8 has a comparatively high expression level (~pM) in healthy human samples, we did not attempt
to need to develop an ultrasensitive assay. By reducing the detection antibody concentration, we
were able to develop an IL-8 assay that avoided signal saturation and allowed us to carry out the
Simoa assay with all the measured cytokines. To calculate the fold improvement, Simoa LODs
were compared to commercial ELISA kits from four vendors (R&D Systems, BioLegend, BD
Bioscience, and Abcam), from which the antibodies were purchased (see Table 2). The Simoa
assays had LODs in the range of 0.26–76 fM, demonstrating up to 500-fold improvement over
commercial ELISA kits. This enhanced sensitivity allowed the detection of cytokines in 85% of
the serum samples compared to only 25 % that would have been detectable using ELISA.
Therefore, with Simoa we obtain a significantly more complete analysis of these cytokines.
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Figure 3: The log-log calibration curves for the detection of 15 cytokines in serum. There were five Simoa assays: two singleplex assays (IL-2 and IL-5), four-plex panel 1 (IL-6, IFN-γ, IL-1β, GM-CSF), four-plex panel 2 (IL-10, IL-7, TNF-α, IL-8), and a
five-plex assay (IL-12 p40, IL-12 p70, IL-1α, IL-17A, IL-15). Experiments were performed in triplicate and the error bars
represent the standard deviations. Average enzymes per bead (AEB) are the standard unit for both digital and analog ranges in the
Simoa assay. Data were analyzed by four-parameter logistic (4PL) curve fit (1/y2 weighting).
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Figure 4: The human serum cytokine levels in all 215 samples of 24 subjects. The box length indicates the interquartile range
(Q3-Q1) and the inside segment indicates the median. The whiskers above and below the box indicate the maximum and
minimum values, respectively. Each sample was measured in triplicate. Only samples with detectable levels of cytokines were
used in this analysis.

Cytokine baseline variations in healthy subjects
To establish the baseline profile of cytokines in healthy subjects, we examined the temporal
changes around the baseline within subjects (intra-subject variation) and the baseline differences
between subjects (inter-subject variation). For this baseline analysis, we used samples obtained
from healthy non-vaccinated subjects (group NV) at all collection time points and from
vaccinated subjects (group V) only for the pre-vaccination collection time points. Nine
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individuals (NV1, NV3, NV8, V2, V5, V6, V8, V9, V14) self-reported as sick during the study
and were excluded from the baseline analysis. Therefore, a total of 85 samples from 15
individuals were used for the baseline analysis.
Table 2: Specifications of five Simoa assays for the detection of 15 cytokines. There were two single-plex assays (IL-2 and IL-5),
two four-plex assays (IL-6, IFN-γ, IL-1 β, GM-CSF and IL-10, IL-7, TNF-α, IL-8), and one five-plex assay (IL-12 p40, IL-12
p70, IL-1α, IL-17A, IL-15). Sample limit of detection (LOD) is equal to four times the assay LOD to account for four-fold
sample dilution. Detectable samples are those with concentration values greater than the LOD. The fold-improvement was
calculated using the most sensitive single-plex ELISA kits of four commercial vendors, R&D Systems, BioLegend, BD
Bioscience, and Abcam, that the antibodies were purchased from.

93
91

Foldimprovement
vs. ELISA kits
62
523

single-plex
single-plex

2.000
9.280
6.400
23.320

98
95
74
32

55
30
4
6

four-plex
four-plex
four-plex
four-plex

1.520
11.840

100
100

53
3

four-plex
four-plex

100

6

four-plex

97

1.1

four-plex

100

40

five-plex

73
37

17
185

five-plex
five-plex

82
100

78
53

five-plex
five-plex

Cytokine

Assay LOD
(fM)

Sample LOD
(fM)

Detectable Samples
(%)
(n = 215)

IL-2
IL-5

0.501
0.264

2.004
1.056

IL-6
IFN-γ
IL-1β
GM-CSF

0.500
2.320
1.600
5.830

IL-10
IL-7

0.380
2.960

TNF-α

3.000

IL-8

76.000

IL-12 p40

5.660

IL-12 p70
IL-1α

0.940
0.600

22.640
3.760
2.400

IL-17A
IL-15

2.840
4.960

11.360
19.840

12.000
304.000

Simoa
assay-plex

As shown in Figure 5, there is low intra-subject variation for all individuals. All cytokines
demonstrate high temporal stability throughout the 14-week period. On the other hand, inter-

40

subject variability is highly variable depending on the particular cytokine. Significantly, we
observed two distinct groups of cytokines: one group had a low inter-group baseline variation
while the other group had high baseline variation. The first group, including IL-15, GM-CSF, IL12 p70, TNF-α, IL-12 p40, IL-17A, IL-1α, IL-10, and IL-7, shows low subject-to-subject
variability, while the second group, including IL-8, IFN-γ, IL-2, IL-1β, IL-6, and IL-5, shows
substantial subject-to-subject variability.

T o t a l s u m -o f -s q u a r e s
o f lo g 1 0 c y to k in e le v e l
0

20

40

60

80

I L -8
IF N -
I L -2
I L -1 
I L -6
I L -5
I L -7
I L -1 0
I L -1 
I L -1 7 A
T N F -
I L -1 2 p 4 0
I L -1 2 p 7 0
G M -C S F

In tra -s u b je c t v a ria tio n
In te r-s u b je c t v a ria tio n

I L -1 5

Figure 5: Variation in cytokine levels at the baseline in 15 healthy subjects. The length of the bar denotes the total variance (total
sum-of-square) and the white and black designate the fraction of total variance attributed to inter-subject and intra-subject
variations, respectively. Only samples with detectable levels of cytokines were used in this analysis.

For cytokines in the low-variation group, one could use baseline values to establish a normal
serum level range, that would be representative of most individuals. Any significant deviation
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from this normal range could potentially be an indication of an immune response. Therefore,
these cytokines might serve as potential biomarkers for clinical detection of host immune
responses, as a single measurement outside the normal range could be used to determine if
someone is ill or about to get sick. However, in the high-variation group, since the baseline
variations are substantial even between healthy individuals, in some cases varying by as much as
3700-fold, a long-term personalized baseline profile would be required to detect abnormal
cytokine levels.
Participants Self-reported as Sick
During this 14-week study, there were nine individuals who self-reported as sick (NV1, NV3,
NV8, V2, V5, V6, V8, V9, V14). The self-reported times and symptoms are listed in Table 3.
Although there was no professional clinical diagnosis available for any of these occurrences, we
were able to observe some significant cytokine elevations above the baseline in these individuals
(Figure 6). The cytokine patterns varied among these individuals, which might be due to
different types of infections or illnesses. While these observations are clearly insufficient to draw
any definitive conclusions, the significant excursions in cytokine levels suggest that early
detection of disease is possible if baseline measurements are performed. A more comprehensive
study with detailed clinical information and diagnoses is required to provide further insights into
the correlation of these cytokine fluctuations with types and stages of infection or illness.
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Figure 6: The cytokine fluctuations over time in the self-reported sick individuals. Experiments were performed in triplicate and
the error bars represent the standard deviations. Only cytokines with significant fluctuations are shown.
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Table 1: Time and symptoms of nine self-reported sick individuals.

Individual

Day of Reported Illness

Self-reported Symptoms

NV1

Day 44

Fever of 102 and sore throat
several days. Current swelling in
glands and mild headache

NV3

Day 66

Swollen glands, possible sinus
infection

NV8

Day 78

Slight headache

V5

Day 66

Swollen glands

Day 78

Cold

V2

Day 1

Bronchitis

V6

Day 58

Sinus cold

Day 66

Sinus cold

Day 85

Sinus cold

V8

Day 78

Had 101 F fever on one day prior

V9

Day 78

Cold and sore throat

Day 85

Cold

Day 36

Cold head

Day 66

Cold head

V14

Coherent changes in cytokine levels post-vaccination
We evaluated whether there were significant post-vaccination cytokine fluctuations in the
vaccinated individuals. In most vaccine studies, immune parameters such as antibody-forming
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cell populations, influenza-specific serum antibody titers, and transcriptomes have commonly
been used to study host post-vaccination immune responses and/or to determine vaccine efficacy.
In this study, we attempted to use serum cytokines, important regulators of host immune
responses, as potential biomarkers. As shown above, approximately 85% of the 15 cytokines in
215 serum samples were detectable using the Simoa assay, making it highly applicable for
studying serum cytokine responses. Even for the two cytokines where the percent detectable
samples were low (IL-1α and GM-CSF), the fact that some of the samples were measurable, and
that these two cytokines had low inter-subject variation, suggests that the LODs are likely to be
close to the serum levels in most individuals and could be detected if there were an infection that
caused the cytokines to increase.
The heatmap in Figure 7 was generated by using the “fold-change from baseline” metric
approved by the U.S. Food and Drug Administration and World Health Organization. We took
the average of all pre-vaccination samples and used this average value as a pre-vaccination
baseline value for the heatmap calculation. Even though the individual values varied, this
averaging method is acceptable due to the low intra-subject variation shown in Figure 5.
Day 1 post-vaccination: In numerous studies, Day 1 post-vaccination has been reported as the
initiation of innate immune responses, specifically B cell receptor signaling, natural killer cell
signaling, and interferon signaling34,35. Consistent with these studies, significant changes on Day
1 post-vaccination were observed for three cytokines: IFN-γ, IL-10, and IL-2 as seen in Figure 7.
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Figure 7: Coherent post-vaccination changes in cytokine concentrations compared to the baseline for 8 healthy subjects (V1, V3,
V4, V7, V10-13) administered influenza vaccine. The measured concentrations of all collected samples before vaccination for
each individual were averaged to determine the pre-vaccine baseline value. Measured cytokine concentrations on each day of
each individual after vaccination were divided by the same individual’s pre-vaccine baseline value to determine the fold-change
from the baseline. Only detectable samples were used in this analysis.

These cytokines have been previously identified as important immune parameters that are
actively involved in the regulation of the innate immune response36-38. Primarily produced by
natural killer and natural killer T cells, IFN-γ is one of the most important cytokines in innate
immunity and is responsible for the activation of macrophages and upregulation of class II major
histocompatibility complex molecule expression36. IL-2 regulates innate immunity by activating
and inducing the proliferation of natural killer cells 39, while IL-10 regulates the macrophage
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function through IL-10 receptor signaling40. The immediate increased concentration of these
three cytokines, IFN-γ, IL-10, and IL-2, within 20-32 h post-vaccination in the current study
confirmed their functional roles in innate immunity regulation. In contrast, the serum
concentrations of IFN-γ and IL-2 were undetectable by using a multiplex ELISA kit in a similar
study41. Thus, our findings reinforce the importance and requirement of an ultrasensitive
detection method, such as Simoa, for quantification of biological serum cytokines in clinical
studies.
We also observed upregulated expression of five other cytokines on Day 1 post-vaccination,
including IL-15, IL-17A, IL-6, IL-5, IL-12 p40. All of these cytokines have been reported as
important factors in regulating innate immunity. This regulation occurs via differentiation of
natural killer cells and innate lymphoid cells (IL-15)42, through attraction and activation of
neutrophils during the acute phase of inflammation (IL-6 and IL-17A)43,44, or through
homeostasis and proliferation of B cells (IL-5)45. Similar results for IL-6 upregulation on Day-1
post vaccination were observed in a previous study for both pregnant and non-pregnant women24.
Similar responses of other cytokines in this group have not been reported elsewhere, to the best
of our knowledge. It is possible that significant changes in some of the cytokines observed on
Day 1 were due to a localized inflammatory response at the vaccine injection site.
Interestingly, while the level of IL-12 p40 monomer was upregulated at Day 1 post-vaccination
in our study, we did not observe a substantial upregulated expression of IL-12 p70 (or IL-12), a
heterodimer composed of IL-12 p40 and a 35-kDa light chain. IL-12 has been reported as an
important regulatory cytokine during innate immune responses by inducing IFN-γ production by
natural killer cells and Th1 cells46,47. In a recent review article, there was a concern about a
possible over-interpretation of the role of IL-12 in Th1 responses due to the fact that most in vivo

51

studies used antibodies specific to IL-12 p40, not IL-12, or IL-12 p40-knockout mice48. Other
studies agreed with this possibility, as mice lacking bioactive IL-12 (having both chains) but
expressing IL-12 p40 could still enhance Th1 development and lead to the generation of
protective innate immune responses49,50. The many-fold excess of serum IL-12 p40 expression
compared to IL-12 p70 on Day 1 post-vaccination in our study confirms the important role of IL12 p40 but does not resolve the controversy around the necessity for IL-12 p70 during the innate
immune response.
Day 9 and beyond post-vaccination: Previous studies suggested that post-vaccination responses
one week and beyond reflected changes in adaptive immunity35,51. From Figure 7, the Day 1
concentration spikes observed here had returned to the baseline levels on Day 9, except for IL17A. It is again possible that significant changes in these cytokines on Day 1 were due to the
localized response at the vaccine injection site. On the other hand, although not as substantial as
Day 1 upregulation, levels of GM-CSF and TNF-α were upregulated to concentrations above
their baselines at later time points. There were multiple studies that indicated the important role
of these three cytokines as mediators of innate and adaptive immunity38,52. Another important
observation from Figure 7 was the upregulation of two cytokines: IL-17 A (Day 9, 17, 31) and
IL-5 (Day 42). From previous studies, during adaptive immune responses, IL-17 A, and IL-5
were found to be secreted by effector and regulatory T cells to directly or indirectly activate the
innate lymphocyte responses53. In addition, as discussed above, we found the upregulation of
these two cytokines on Day 1 post-vaccination that confirmed the roles observed in previous
studies as important regulators of innate immunity. Our post-vaccination data corroborated
previous studies, in which IL-17 A and IL-5 were found to be involved in both innate and
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adaptive immunity. Further studies with a larger sample population should be conducted to
explore and confirm these results.
2.2.4 Conclusions
Overall, the single-molecule array method employed here provides a new platform to explore
and investigate the cytokine baseline in human serum. The cytokine baseline values reported in
this study begin to characterize the normal immune variations in healthy humans. The ability to
create a cytokine panel for sub-femtomolar detection using the single-molecule array technology
will enable further research studies on the predictive role of cytokines in health and diseases. In
addition, using the influenza vaccine as a model, we were able to detect cytokine changes
resulting from innate and adaptive immune responses to the vaccine. The incorporation of the
cytokine profile with other immune parameters, such as antibody titers and immune cells, will
give a fuller picture in understanding the complexity of host immune responses upon vaccination
or infection.
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Chapter 3: Rapid and ultrasensitive detection of ricin toxin
in human serum and urine

54

3.1 Abstract
A single molecule of ricin, a biological toxin, can inactivate 1,500 ribosomes per minute, which
leads to cell necrosis. Its toxicity is due to both the glycan-binding activity of the B chain, which
leads to the cell endocytosis of the toxin, and the high catalytic activity of the A chain in
depurinating the eukaryotic 28S ribosomal RNA (rRNA). Ricin is a commonly used bioterrorism
agent and is classified as a Category B (the second-highest priority) biothreat agent 54. Currently,
no FDA approved vaccines or therapeutic treatments for ricin intoxication are available. In
addition, ricin acts rapidly and irreversibly damages to vital organs, making it a challenge to
provide timely supportive care. Thus, it is extremely important to develop a rapid, sensitive and
highly specific detection method for ricin. In continuation of Shonda Gaylord’s prior work, I
describe here the development and validation of a single molecule array (Simoa) assay for the
detection of ricin in human urine and serum, using the fully automated Simoa HD-1 Analyzer.
The Simoa assay was able to detect ricin at a 1 pg/mL limit of detection in both urine and serum
in as little as 64 minutes, while demonstrating excellent specificity against a wide range of ricin
isotypes and other related toxins/toxoids. The following experimental section was taken from the
recent publication generated as a result of this research 26.
3.2 Fully-automatic ultra-sensitive quantification of ricin toxin in human serum and urine
3.2.1 Introduction
Ricin is a naturally occurring protein toxin, with a molecular weight of 60 to 65 kDa, found in
the castor bean plant, Ricinus communis 55. This plant is abundant in many parts of the world
including South America, India and Eastern Africa, making ricin highly accessible. Every part of
the castor bean plant contains ricin but the bean is the most concentrated part— up to 5% of its
mass can be used to produce ricin. Castor beans are used to produce castor oil, which is found in
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many industrial and household products. Ricin can be extracted as a white powder from the
unused portion of the castor beans. The toxin is soluble in water and stable over a wide range of
pH. In aqueous solution, ricin can be inactivated by heating above 80 degrees for at least 1 hr. It
requires higher temperature and longer heating time to inactivate the toxin in crude or powder
form54, making it an easily dispersible and highly stable toxin.
Ricin is a glycoprotein composed of two polypeptide chains, A and B chains, that are linked by a
disulfide bond 56. The ricin toxin B chain (RTB) is a lectin that binds to carbohydrate-containing
sites on the cell surface facilitating the entry of ricin into the cytosol via endocytosis 57. Once
inside the cell, the ricin toxin A chain (RTA), a catalytically active glycosidase, inhibits protein
synthesis by binding and inactivating the eukaryotic ribosomes, leading to cell necrosis 54. The
toxicity of ricin is thus dependent on its two-chain structure. Other plant derived ribosomeinactivating proteins, such as trichosantin, gelonin, and momordin, lack the B chain binding
component, making them unable to enter the cells and thus are not cytotoxic 57.
Ricin is classified as a type 2 ribosome-inactivating protein (RIP-II) along with such toxins as
abrin and shigatoxin. The toxin was first extracted and named by Stillmark more than a century
ago58. The toxicity was initially thought to be due to the ability of Stillmark’s ricin preparation to
agglutinate red blood cells. However, later studies established that Stillmark’s ricin preparation
was a mixture of the ricin toxin and Ricinus comunnis agglutinin, the latter of which was
responsible for the agglutination of the red blood cells. Scientists later discovered ricin’s toxicity
was due to its catalytic activity on eukaryotic ribosomes, specifically the 60S rRNA subunit58.
The ricin intoxication process begins when the RTB lectin binds to different oligosaccharides on
the cell surface, including N-acetylglucosamine and galactose residues found on glycoproteins or
glycolipids 59. The bound ricin toxin enters the cell via endocytosis in membrane vesicles and is
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transported to the endosomes. This is a slow process as roughly 10% of bound molecules are
endocytosed every hour 57. While many ricin molecules are degraded in lysosomes or transported
back to the cell surface, a small fraction enters the Golgi apparatus and is subjected to retrograde
transport to the endoplasmic reticulum (ER). In the ER, the disulfide bond is reductively cleaved
leading to the translocation of the A chain to the cytosol. Once inside the cytosol, the A chain
binds and specifically depurinates the first adenosine, A4324, in the 5’ to 3’ direction, in a GAGA
nucleotide sequence on the α sarcin-ricin tetraloop of the eukaryotic 28S ribosomal RNA (rRNA)
within the 60S subunit 54. The depurinated rRNA is unable to bind to protein elongation factors,
thereby halting protein synthesis. A single ricin molecule can inactivate up to 1,500 ribosomes
per minute, ultimately leading to cell necrosis. Plant and bacterial cells lack the 28S rRNA loop
containing the GAGA nucleotide sequence and are not susceptible to ricin intoxication.
Ricin intoxication can occur through inhalation, injection, or ingestion—most commonly by
ingestion of castor beans. Compared to inhalation and injection, the ingestion route is the least
potent since the toxin is poorly absorbed through the gastrointestinal tract 60. The lethal dose for
humans is not well known but based on the data of accidental intoxications and animal studies,
the median lethal dose (LD50) of ricin toxin in humans is estimated to be 1 to 20 mg/kg
(approximately 8 castor beans) via ingestion and 3 µg/kg via inhalation and intravenous
injection.
Clinical symptoms of ricin intoxication are also dependent on the exposure route. Via ingestion,
the intoxicated individual may present with nausea, vomiting, abdominal pain, gastrointestinal
bleeding, diarrhea, and vascular collapse within 4 to 10 hours 54. For exposure via inhalation,
respiratory arrest is likely to be the primary cause of morbidity and mortality in humans. Within
4 to 8 hours of inhalation, symptoms appear which include fever, nausea, cough, dyspnea, chest
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tightness, and arthralgias. Respiratory symptoms can be experienced as soon as 4 to 6 hours
while other symptoms can be delayed up to 24 hours after exposure54. Intoxication via injection
may lead to cell necrosis at the injection site, predisposing the individual to secondary
infection61. Other clinical symptoms may include fever, headache, dizziness, nausea, anorexia,
hypotension, and abdominal pain. These symptoms can be delayed for as much as 10 to 12 hours
after the injection and may progress to multiple organ failure. These symptoms are also very
similar to sepsis, the potentially life-threatening complication of bloodstream infection, making a
syndrome-based diagnosis difficult.
The ricin toxin is not amenable to dialysis. The main treatment for ricin-intoxicated individuals
is general supportive care, which includes aggressive fluid resuscitation, vasopressor therapy,
replenishing electrolytes, oxygen and endotracheal intubation. These treatments are challenging
to execute since the ricin toxin acts rapidly and causes irreversible damage to vital organs62.
Due to the extreme toxicity and easy accessibility of ricin, it has been considered a chemical
warfare agent by multiple countries for over a century 63. The toxin was manufactured as a
weapons-grade inhalation agent and was tested in animal experiments by the United States in the
1940s and by Iraq in the late 1980s. There were proposed methods of weaponizing ricin by
coating it onto bullets and shrapnel during WWI, and using it in bombs during WWII. Ricin has
also been the agent of choice in numerous bio-crimes. In Great Britain in 1978, ricin was
allegedly used as the injectable agent in the assassination of Bulgarian dissident Georgi Markov.
In 2003 and 2004, ricin was discovered in a US Senator’s mail sorting facility, and inside a letter
addressed to the White House64. The toxin was also found in United Kingdom in the possession
of possible terrorism-linked individuals65.
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The Centers for Disease Control and Prevention (CDC) classified ricin toxin as a Category B
agent (the second-highest priority) that is moderately easy to disseminate resulting in morbidity
and low mortality. Even though ricin is much less potent than other agents, such as anthrax and
botulinum neurotoxin, the above events demonstrate that ricin is a common choice as a
biological weapon because of its easy access and should be seriously considered as a potential
bioterrorism threat agent.
Since there are no current vaccines or therapeutic treatments for ricin intoxication, it is highly
important to have rapid and reliable detection methods. Suspected samples containing ricin can
be tested at the CDC or nationally approved laboratories 66. Current CDC-approved detection
methods are the time-resolved fluorescent immunoassay (TRFI) and polymerase chain reaction
test (PCR). The TRFI is a fluorometric immunoassay in which ricin is captured between two
antibodies, a capture and a detection antibody. The detection antibody is conjugated to a
fluorescent dye with a long emission lifetime, usually a europium dye. Time-resolved
microscopy quantifies the fluorescent intensity by observing the fluorescent emission with a
defined time interval after the end of each excitation period. Detection of delayed emission can
discriminate against background signals created by light scattering, auto-fluorescence, and
extraneous prompt fluorescence. As a result, using the TRFI leads to a higher signal-to-noise
ratio of the dye and lowers the detection limit of the assay67. Additionally, the PCR-based assay
can be used for ricin detection in environmental samples. This assay generally amplifies and
detects the Ricinus communis DNA that encodes the ricin toxin protein. It is usually much more
sensitive to use the PCR method than the immuno-based one. However, the PCR-based assay
cannot directly detect the protein toxin and thus usually requires a secondary cell-based bioassay
to confirm the presence of ricin.

59

Other available laboratory detection methods are high-throughput cytotoxicity assays68 and the
mouse bioassay69. These assays can detect ricin-triggered cell death, thus confirming the
presence of ricin. However, these tests are highly time-consuming (up to 24h for the mouse
bioassay and up to 48h for cytotoxicity assays) and are not readily available for timely diagnosis
of ricin intoxication.
For suspected ricin intoxicated patients, the ricinine biomarker can also be detected in urine
using tandem mass spectroscopy 70. Ricinine is an alkaloid (3-cyano-4-methoxy-N-methyl-2pyridone) that is found in the castor bean plant together with ricin. Detection of ricinine is
preferred due to its low molecular weight (164 g/mol), thermostability (1hr at 90 degree), and its
presence in urine, suggesting ricin exposure70. However, ricin is not directly detected in this
method making it difficult to confirm its presence.
3.2.2 Methods
3.2.2.1 Preparation of VHH antibodies
VHHs were prepared by Dr. Ellen Goldman (Naval Research Laboratory). pet22b was used as
phage display vector for VHHs cytosolic expression in E.coli XL1-blue cells71. The VHHs were
biotinylated (bt-VHHs) using a 10-fold molar excess of biotin-LC-LC-NHS.
3.2.2.2 Preparation of capture beads with VHH antibodies
Bead conjugation buffer (0.1M MES, 0.9 % NaCl, pH 6.2), bead wash buffer (1% T20 in PBS),
blocking buffer (1% BSA in PBS), and bead storage buffer (500 mM Tris-HCl, 150 mM NaCl,
10 mM EDTA, 0.1% T20, and 1% BSA) were made fresh before each use. 100 µL of 2.3 x
109/mL carboxyl-functionalized paramagnetic beads (total 2.3x108 beads) were washed three
times with bead wash buffer and two times with bead conjugation buffer. The washed beads
were incubated with 100 µL of 1 mg/mL VHHs solution while shaking for 15 min. 1-ethyl-3(-3-
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dimethylaminopropyl)carbodiimide hydrochloride (EDC) was prepared to 10 mg/mL in the bead
conjugation buffer. Then, immediately, the resulting 100 µL of EDC solution was added to the
bead solution followed by an addition of 1000 µL of the bead conjugation buffer. The total 1200
µL reaction mixture was incubated while shaking for 30 minutes, followed by washing with the
bead wash buffer. The washed beads were incubated with 1200 µL of the blocking buffer for 40
minutes while shaking. Beads were then washed with the bead washed buffer and stored in 200
µL of the bead storage buffer.
3.2.2.3 Single molecule array (Simoa) assay
Optical Fiber Platform: Ten-fold dilutions of the ricin toxin, 0.01-1000 pg/mL, were prepared in
triplicate in 1x PBS containing 0.3% T20 and 0.1% BSA on a 96-well plate. 500,000 antibody
captured beads were incubated with 100 µL of each ricin toxin concentration for 1 hr, followed
by the addition of 1 µL of 1.5 µg/mL bt-VHH solution for another 1 hr incubation. The washed
beads were incubated with 100 µL of 20 pM SβG solution for 30 min. All incubations were
performed while shaking at 1000 rpm. Captured beads were washed with PBS buffer followed
by sucrose buffer and suspended in 12 µL of sucrose buffer. The 10 µL of suspended captured
beads were loaded onto fiber strips containing 50,000 46-fL reaction wells. The strips were
centrifuged at 10,000 x g for 5 min to trap individual beads into the microwells. The wells were
sealed with the PDMS gasket in the presence of 100 mM RDG solution. “On” wells containing
enzyme-labeled immunocomplex beads will turn over RDG substrate to generate resorufin, a
fluorescent product, and are imaged using a built-in charge-coupled device (CCD) camera and
standard imaging optics 4. Using 46-fL sized reaction wells contributes to the high local
concentration of fluorescent product and thus provides Simoa with its ultra-sensitive detection
capabilities. Compared to a sandwich ELISA, the Simoa assay increases the sensitivity up to
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1000-fold 4. Counting the number of target molecules in the digital range, or by the average
fluorescent intensity method in the analog range, provides the Simoa assay with a broad dynamic
detection range over a four-log concentration range 72. Average enzyme per bead (AEB) is used
as the standard unit of measure for both digital and analog ranges in Simoa assays 72.
Simoa HD-1 Analyzer: Details of this Simoa assay has been discussed elsewhere 26. In brief,
solutions of the 5 x 106/mL antibody coated paramagnetic beads, the 2 nM biotin-conjugated
detector antibody and the 150 pM SβG solution were separately loaded into 14-mL plastic
bottles. The 100 µM RDG solution was loaded into a 4-mL plastic bottle. The bottles were
loaded onto the Simoa HD-1 Analyzer for automatic dispensing. Ten-fold dilutions of the ricin
toxin, 0.01-1000 pg/mL, were prepared in triplicate in 1X PBS containing 0.3% T20 and 0.1%
BSA on a 96-well plate. 500,000 antibody captured beads were incubated with 100 µL of each
ricin toxin concentration for 15 min. Captured beads were washed and incubated with 100 µL of
the 2 nM biotin-detection antibody solution for 5 min. The washed beads were incubated with
100 µL of the SβG solution for 5 min. Captured beads were washed and suspended in 25 µL of
the RDG solution. All incubations were performed while shaking. Then, 15 µL of well
suspended captured beads in RDG solution were loaded by gravity into the 216,000 femtoliter
reaction wells on a single array of a 24-array Simoa disc73. The wells were sealed with
fluorocarbon oil 26. Imaging and analysis was performed similarly to the optical fiber platform as
described above.
3.2.2.4 Bead-based bulk ELISA
For bulk assays ranging from 1000 ng/mL to 0.064 ng/mL, the exact optical fiber platform assay
was performed. However, the captured beads were incubated with 100 µL of the 100 mM RDG
solution for 1 hr on the 96-well plate instead of loading into fiber wells. To measure the average
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fluorescent intensity values, the plate was imaged at 558nm excitation and 590 nm emission
using a Tecan microtiter plate reader.
3.2.2.5 Protein determination in biological samples using optical fiber platform
Unknown urine and serum samples were provided by the Naval Medical Research Center. On
the arrival date, the samples were diluted 100 X in a PBS buffer containing 0.3% T20 and 0.1%
BSA and the Simoa assay was performed using the optical fiber platform as described above.
Urine and serum linear-linear calibration curves were used to quantify the amount of the ricin
toxin in the unknown samples. The accuracy of the detection platform was determined from
percent error of the unknown samples.
3.2.3 Results
3.2.3.1 Bulk assay
Bead-based bulk assays were performed for the D12f capture VHH and bt-D1 detection VHH
using the above-described protocol. This VHH pair provided a LOD of 64 ng/mL with low
background (Figure 1). This VHH pair was later applied in Simoa assay development.
3.2.3.2 Simoa optimizations
The Simoa assay using the optical fiber platform was optimized and confirmed by Shonda
Gaylord, a former graduate student. In the work discussed here, the Simoa assay was optimized
for the Simoa HD-1 Analyzer platform.
Two capture VHHs (D12f and D12fneg) were tested on the HD-1 Analyzer for ricin detection.
For each capture VHH, the same bt-VHH, D1, was used. The D12f-D1 sdAb pair had a lower
background compared to the D12fneg-D1 pair, 0.0265 AEB v. 0.09 AEB (Figure 2). The
resulting LOD from the D12f-D1 pair in the HD-1 Analyzer was 100 times higher compared to
the optical fiber Simoa as previously reported: 1 pg/mL vs. 0.01 pg/mL. The D12fneg-D1 pair in
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the Simoa HD-1 Analyzer also had a LOD of 1 pg/mL, but with a high background of 0.0900
AEB.
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Figure 1: Bead-based bulk ELISA using D12f capture VHH and bt-D1 detector VHH. D12f capture VHH was tested in beadbased bulk ELISA with the bt-D1 detector VHH using 5-fold serial dilutions between 1000 ng/mL and 0.064 ng/mL.
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Figure 2: Simoa optimizations in the Simoa HD-1 Analyzer. AEB plots comparing D12f and D12fneg capture sdAbs. The D12fD1 pair provided a lower background, 0.0265 AEB vs. 0.0900 AEB, resulting in a measured LOD of 1 pg/mL. All assays were
performed in triplicate.
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To improve upon the assay, varying concentrations of detection antibody and enzyme were
tested. Detection antibody (D1) concentration was tested at 0.03 μg/mL (10 X lower than the
previous 0.3 μg/mL) and 0.015 μg/mL (20 X lower). Streptavidin-β-galactosidase was tested at
50 pM and 100 pM concentrations in addition to the standard 150 pM. At concentrations of 0.03
μg/mL for the detection antibody and 150 pM for the enzyme, the HD-1 Simoa ricin detection
assay in buffer provided a LOD of 0.11 pg/ mL, a 2.5-fold improvement in sensitivity compared
to the reported LOD of 0.26 pg/mL, and was 10 times higher compared to the manual Simoa of
0.01 pg/mL as previously reported (Figure 2). In 1% urine, the LOD of this antibody pair in the
Simoa HD-1 Analyzer was 0.23 pg/mL, which is 2.3-fold higher than the LOD obtained using
the optical fiber Simoa. Using this protocol, the ricin toxin detection calibration curves in buffer,
urine and serum were performed. We were able to detect ricin toxin in buffer, urine and serum
with a measured LOD of 1 pg/mL in each matrix. After sample loading, the first AEB read-out
was obtained in 64 minutes with each subsequent result every 45 seconds. CV values at all
concentrations between the limit of detection and 1000 pg/mL were < 10% with the exception of
one CV (12.4%) at 10 pg/mL in buffer (Figure 3).

65

Figure 3: Combined digital and analog calibration curves using the Simoa HD-1 Analyzer. The log-log standard curve in each
matrix provided a 5-log concentration linear dynamic range with a measured LOD of 1 pg/mL. The dashed line indicates the
boundary between the digital and analog read-outs.

3.2.3.3 Confirmation of the LODs using Simoa HD-1 Analyzer
In order to confirm the measured LODs, we performed the assay using 20 replicates at the
measured LODs, 1 pg/mL, along with three negative controls in each matrix (Table 1) using the
Simoa HD-1 Analyzer. The AEB values of all 20 replicates of 1 pg/mL are above the
background plus three times standard deviation. Therefore, 1 pg/mL is confirmed as the
measured LOD of the ricin Simoa assay in all matrices.
3.2.3.4 Protein determination from unknown samples using the optical fiber platform
Simoa calibration curves of ricin toxin detection in urine and serum were performed using the
optical fiber platform following the above described protocol (Figure 4). The concentrations of
unknown samples were extrapolated from these calibration curves, and the results are shown in
Figure 5. Each set of samples contained one blank and two spiked unknown samples. Sample 3
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in serum fell below the LOD and was identified as the blank sample. Simoa was unable to
identify a blank urine sample—all three urine samples tested positive for ricin.
Table 1: LOD confirmation of ricin toxin detection in each matrix. Assays of 20 replicates of 1 pg/mL along with three negative
controls were performed in each matrix of buffer, urine, and serum. The AEB values of all 20 replicates of 1 pg/mL are above the
background plus three times standard deviation.
AEB values
LOD Replicates

Buffer

Urine

Serum

Replicate 1

0.0132

0.0114

0.00931

Replicate 2

0.0151

0.0100

0.00895

Replicate 3

0.0143

0.00980

0.00832

Replicate 4

0.0129

0.0134

0.00678

Replicate 5

0.0153

0.00953

0.00904

Replicate 6

0.0138

0.0161

0.00636

Replicate 7

0.0112

0.0124

0.00834

Replicate 8

0.00926

0.0104

0.00895

Replicate 9

0.0131

0.0109

0.00557

Replicate 10

0.0114

0.0136

0.00883

Replicate 11

0.0208

0.0110

0.00845

Replicate 12

0.0135

0.0111

0.00962

Replicate 13

0.0156

0.0114

0.00843

Replicate 14

0.0150

0.0141

0.00508

Replicate 15

0.0156

0.00913

0.00694

Replicate 16

0.0140

0.00967

0.00664

Replicate 17

0.0128

0.0134

0.00599

Replicate 18

0.0131

0.0115

0.0115

Replicate 19

0.0148

0.0113

0.00969

Replicate 20

0.0139

0.0116

0.00954

Negative Control 1

0.00370

0.00401

0.00238

Negative Control 2

0.00310

0.00306

0.00331

Negative Control 3

0.00337

0.00436

0.00193

Background + 3*SD

0.00461

0.00603

0.00450
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Figure 4: Combined digital and analog calibration curves in urine and serum using the optical fiber platform. The log-log
standard curve in each matrix provided a 5-log concentration linear dynamic range with a measured LOD of 0.1 pg/mL in urine
and 1 pg/mL in serum. The dashed line indicates the boundary between the digital and analog read-outs.

Figure 5: Determination of unknown blank samples. Six unknown samples, two containing no ricin, were spiked in either urine
or serum. The Simoa was able to identify the one blank unknown in serum. The AEB values obtained for sample 3 in serum
were below the Simoa limit of detection. In urine, Simoa identified sample 1, the blank sample, as containing 10 pg/mL of ricin.
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3.2.3.5 Inclusivity and exclusivity testing using Simoa HD-1 analyzer
Due to the false positive observed with the unknown sample in urine, we chose to use the Simoa
HD-1 Analyzer to assess inclusivity and exclusivity using a variety of ricin toxin isoforms and
unrelated toxins/toxoids. There are several isoforms of ricin toxin that possess little or no toxic
activity: ricin A chain, ricin B chain and ricinus communis agglutinin RCA120 74. Similar to
ricinus communis toxin (RCA60), ricinus communis agglutinin (RCA120) is also a galactosebinding lectin extracted from castor beans56 and is moderately toxic in some animal species.
Ricin A and B chains can be isolated from ricin toxin, while Rivax is a recombinant A chain
protein. Each isoform was tested in triplicate at 1, 10, 100 and 1000 times the LOD in each
matrix (Figure 6). RCA120 generated AEB values above the LOD at 1000 pg/mL in buffer,
serum and urine. Ricin A chain, B chain and Rivax did not generate signal above the LOD at
any of the concentrations.
To determine the extent of false positives and cross-reactivity, the ricin Simoa was tested in
triplicate against a wide variety of toxins/toxoids including Abrin toxoid, Staphylococcal
enterotoxins type A-E, Shigatoxin-1 and -2, Botulinum neurotoxins toxoids (bot toxoids, type A
to F), Pertussis toxin, Cholera toxin, recombinant bacillus collagen-like surface protein of
anthracis (rBclA) fragment and recombinant vaccinia virus protein L1 (rL1R) fragment. With
each toxin/toxoid, all measurements were performed at 1000 times the LOD along with three
positive ricin controls at 1000 pg/mL (Figure 7). Only the positive controls generated signal
above background when tested.
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Figure 6: Inclusivity tests in buffer using the Simoa HD-1 Analyzer. Each of the standards was performed in triplicate at 10-fold
dilutions ranging from 1 to 1000 pg/mL. In each matrix used, buffer (A), urine (B) and serum (C), RCA60 was detectable at all
concentrations tested while RCA120 was only detectable at the 1000 pg/mL concentration. All other isoforms were undetectable
at all concentrations.
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Figure 7: Exclusivity tests in buffer, urine, and serum using Simoa HD-1 Analyzer. Each of the standards was performed in
triplicate at 1000 pg/mL. Only ricin (RCA60) was detectable at 1000 pg/mL in all matrices. All other toxins or toxoids or
protein fragments were undetectable.

3.2.4 Conclusions
In continuation of the prior work by Shonda Gaylord, the Simoa assay was adapted and
optimized to the HD-1 Analyzer and inclusively and exclusively tests were performed. The
simpler workflow and total assay time for the HD-1 Analyzer are superior to the manual optical
fiber method. The results showed major improvement in assay time since the first assay result
could be obtained in 64 minutes with subsequent read-outs every 45 seconds. CV values
improved. At all concentrations between the limit of detection and 1000 pg/mL, the CVs were <
10% with the exception of one CV (12.4%) at 10 pg/mL in buffer. The enhanced performance of
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the Simoa assay is highly valuable in clinical diagnostics since the recommended “window of
intervention” for ricin intoxication is from 30 min to one hour26. Even though the Simoa assay
was unable to correctly identify a blank urine sample, it showed excellent results in inclusivity
and exclusivity tests. Between the four ricin isotypes, only the RCA120 generated AEB values
above the LOD at 1000 pg/mL in buffer, serum and urine. Ricin A chain, B chain and Rivax did
not generate signals above the LOD at any concentrations. The Simoa assay was tested against a
variety of toxins/toxoids including the Abrin toxoid, Staphylococcal enterotoxins type A-E,
Shigatoxin-1 and -2, Botulinum neurotoxins toxoids (bot toxoids, type A to F), Pertussis toxin,
Cholera toxin, recombinant bacillus collagen-like surface protein of anthracis (rBclA) fragment
and the recombinant vaccinia virus protein L1 (rL1R) fragment. Only the ricin positive controls
generated signals above background when tested. These results indicated the successful
development of a rapid, specific and fully automatic Simoa assay for ricin detection in clinical
samples.
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Chapter 4: Rapid and ultrasensitive detection of botulinum
neurotoxin serotype A1 in human serum and urine
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4.1. Abstract
Botulinum neurotoxin (BoNT) is one of the most poisonous substances ever known. It is
produced by Clostridium botulinum, which causes botulism, a persistent paralysis of peripheral
nerve termini. Clostridium botulinum bacteria, the source of BoNTs, are widely distributed in the
environment. BoNT poses a significant risk as a bioweapon and is classified as a Category A
agent by the Centers for Disease Control and Prevention (CDC) because of its ready availability
and extreme potency. In this paper, a rapid and ultrasensitive method using a single-molecule
array (Simoa) assay was developed for the quantitative analysis of BoNT serotype A1
(BoNT/A1), the most common toxin serotype. The method can detect as little as 400 fg/mL of
solid powder toxin resulting in a broad quantitation range from 0.4–100 pg/mL and can be
accomplished in approximately an hour. Additionally, to show that it would be useful for clinical
samples during a potential exposure, the method was applied to the analysis of spiked human
serum and urine samples. The limits of detection (LODs) are 200 fg/mL for serum (in 25%
dilution) and 1.00 pg/mL for urine (in 10% dilution), with sample quantitation ranges from 0.8–
400 pg/mL and 10–1000 pg/mL, respectively.
4.2. Fully-automatic ultra-sensitive quantification of BoNT/A1 in human serum and urine
4.2.1 Introduction
BoNT exists in seven distinct known serotypes, A through G, many having multiple subtypes,
which are all produced by spore-forming Clostridium botulinum 75. The most common route of
intoxication is through oral ingestion of preformed toxin in contaminated food (typically homecanned food) leading to food-borne botulism. Due to its extreme potency and relative ease of
production and distribution, BoNT poses a threat to the public as a bioweapon. The lethal doses
of BoNT serotype A in human are approximately 1 ng/kg intravenously or intramuscularly and
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about 1 µg/kg orally 75. Therefore, BoNTs are classified as CDC Category A (highest risk)
bioterrorism agents. Regardless of the causative toxin type, human BoNT intoxication displays
similar clinical signs including difficulty in seeing, speaking, and/or swallowing. At advanced
stages, further complications of intoxication can lead to loss of head control, hypotonia (low
muscle tone), and myalgia (general muscle weakness) 75. Lethality generally results from
respiratory failure, and severely exposed patients must be maintained for up to months on a
ventilator. Botulism and BoNT toxicity are frequently misdiagnosed as diseases that have
similar clinical symptoms, including Miller-Fisher syndrome, myasthenia gravis, or a disease of
the central nervous system 75. For example, an unintentional food contamination in Canada
during the late summer of 1985 resulted in one of the largest and most infamous botulism
outbreaks. All 28 persons, who became ill within a 6-week period, were misdiagnosed 76. It is
therefore critical to have a rapid, accessible, and sensitive diagnostic method for timely
recognition of a botulism outbreak or an intentional release, to prevent further cases of
misdiagnosis and the resulting complications.
The 3–step mechanism of botulinum neurotoxin toxicity is complex and not well understood.
The neurotoxin is comprised of three main domains, the L chain—catalytic domain, the N–
terminus of the H chain (HN)—translocation domain, and the C–terminus of the H chain (HC)—
binding domain. The HC and HN domains are used to cross the intestinal epithelial membrane
and to translocate the L chain into the nerve terminal cytosol, respectively. The L chain is a
metalloprotease enzyme that can cleaves and inactivates specific SNARE (soluble Nethylmaleimide-sensitive factor attachment protein receptor) proteins. These SNARE proteins
are involved in neurotransmitter release and thus causing nerve paralysis when this process is
disrupted.
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First, in order to cross the intestinal epithelial membrane, the BoNT is thought to form large
oligomer complexes, called progenitor toxin complexes (PTCs), with haemagglutinin proteins
such as HA17, HA70, and HA33, via the H chain N–domain of the neurotoxin77,78. The
haemagglutinin proteins provide nine potential carbohydrate–binding sites that can attach to the
mucus layer, to the epithelial cells, facilitating the absorption of the neurotoxin. Once BoNT
passes the epithelial barrier, it spreads to the general blood circulation system and can remain
there for many days in humans and rodents 79-81. To gain entry into the peripheral nerve terminals,
the neurotoxin initially binds to a surface receptor, polysialoganglioside (PSG), via the PSG–
binding site found in the H chain C–domain of the BoNT. Then, using a secondary binding site
in the H chain C–domain, found next to the PSG–binding site, the attached neurotoxin binds to
different segments of the synaptic vesicle luminal domain of synaptotagmin (Syt) that is located
on the pre-synaptic membrane82-85. The dual–binding mechanism strengthens BoNT’s
interactions with the membrane, leading to internalization of the neurotoxin through peripheral
nerve terminals via endocytosis inside synaptic vesicles.
The vesicle transmembrane pH gradient, generated by the ATPase proton pump, increases the
acidity level within the synaptic vesicle. BoNT then becomes protonated, leading to cleavage of
the disulfide bond and release of the L chain. The metalloprotease L chain is translocated across
the synaptic vesicle into the cytosol where it cleaves the SNARE proteins, such as SNAP25,
VAMP, and syntaxin, inhibiting neurotransmitter release and therefore causing
neuroparalysis86,87.
The current standard test for BoNT is the mouse bioassay, which can detect this toxin at a LOD
of approximately 20 pg/mL 88. However, this test requires from 2–8 days for the results and is
currently available only at the CDC and at around 20 state health laboratories. It also requires a
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cell culture assay to determine the serotype of the toxin 75. The mouse bioassay is therefore
highly time-consuming and not readily available for timely diagnosis of botulism or BoNT
poisoning. In cases of BoNT intoxication, antitoxin is effective in reducing the severity of
symptoms if administered early—ideally less than 24 h after the onset of the symptoms 89. Other
laboratory methods for detecting BoNT include enzyme-linked immunosorbent assay (ELISA)
and immuno-polymerase chain reaction (immuno-PCR) that have LODs in the range of 60
pg/mL. However, these tests are highly labor-intensive and can take up to 5–8 h for results 88. In
addition, PCR is only designed to detect the presence of bacterial spores or the botulinum
neurotoxin genes; thus it would not be useful if exposure occurred with the purified toxin. To
address these problems, we tested the Simoa method for quantitative analysis of BoNT in white
powder and in human biological matrices (serum and urine), employing high affinity single
domain antibody detection agents called VHHs.
4.2.2 Materials and methods
Simoa homebrew assay kit was purchased from Quanterix Inc. (Lexington, MA, USA) that
included carboxyl-functionalized paramagnetic beads (2.7-µm in diameter), EZ-Link NHS-PEG4
biotin, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), streptavidin-βgalactosidase (SβG) enzyme concentrate, resorufin-β-D-galactopyranoside (RDG) substrate,
diluents (bead diluent, detector diluent, and SβG diluent), and buffers (bead conjugation buffer,
bead wash buffer, bead blocking buffer, biotinylated reaction buffer, wash buffer 1, and wash
buffer 2); BoNT/A1 from Metabiologics Inc. (Madison, WI, USA). Recombinant camelid antiBoNT/A1 heavy-chain-only Ab VH (VHH) binding domains were made in the Shoemaker Lab
(Tufts Cummings School of Veterinary Medicine, Grafton, MA, USA) 90; Amicon Ultra-0.5 mL
centrifugal filters 3kD from EMD Millipore (Billerica, MA, USA); Simoa HD-1 Analyzer from
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Quanterix Inc. (Lexington, MA, USA); unidentified human serum and urine samples from
healthy subjects from BioreclamationIVT (Chestertown, MD, USA).
4.2.2.1 Preparation of capture beads with VHH antibodies
One hundred microliters of 2.3 x 109/mL carboxyl-functionalized paramagnetic beads (total 2.3 x
108 beads) were washed three times with bead wash buffer and two times with bead conjugation
buffer. The washed beads were suspended in 190 µL of bead conjugation buffer, followed by the
10-µL addition of 10 mg/mL of EDC in bead conjugation buffer solution. The total 200 µL
mixture was incubated while shaking for 30 min, followed by one time washing with bead wash
buffer. The washed beads were incubated with 200 µL of 0.5 mg/mL VHH antibody solution
while shaking for 2 h. Then, beads were washed two times with bead wash buffer, followed by
the addition of 200 µL of bead blocking buffer. The mixture was incubated while shaking for 30
min. Finally, beads were washed once with bead wash buffer, once with bead storage buffer, and
were stored at 4°C in 200 µL of bead storage buffer.
4.2.2.2 Biotin conjugation of VHH antibodies
The Amicon 3kD mwco spin column was used to exchange the VHH’s storage buffer to
biotinylation reaction buffer. 130-µg of VHH in storage buffer was added to the spin column.
The column was filled up to the 500-µL mark using biotinylation reaction buffer, and was
centrifuged at 14,000 x g for 30 min. The supernatant was discarded and the column was
centrifuged once more at 14,000 x g for 30 min with 500 µL of biotinylation reaction buffer. The
supernatant was discarded and the column was transferred to a new Amicon tube, where the
VHH was recovered in biotinylation reaction buffer by inverting and centrifuging the column at
14,000 x g for 30 min. Then, 3-µL of 3.4 mM of NHS-PEG4-biotin was added to the 100-µL of
1 mg/mL VHH antibody in biotinylation reaction buffer. The total 103 µL mixture was incubated
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at room temperature without shaking for 30 min. The reaction was stopped and the biotin-VHH
antibody was purified by using the Amicon 3kD mwco spin column.
4.2.2.3 Capture of BoNT/A1 and formation of enzyme-labeled immunocomplexes
Solutions of 5 x 106/mL antibody coated paramagnetic beads, 0.03 µg/mL biotin-detection
antibody, and 150 pM SβG solution were separately loaded into 14-mL plastic bottles. The 100
µM RDG solution was loaded into a 4-mL plastic bottle. The bottles were loaded onto Simoa
HD-1 Analyzer for automatic dispensing. Ten-fold dilutions of BoNT/A1, 0.01–100 pg/mL,
were prepared in triplicate in 1X phosphate buffered saline (PBS) containing 0.3% Tween 20
(T20) and 0.1% bovine serum albumin (BSA) on a 96-well plate. 500,000 antibody captured
beads were incubated with 100 µL of each BoNT/A1 concentration for 15 min. Captured beads
were then washed and were incubated with 100 µL of biotin-detection antibody solution for 5
min. The beads were then washed and were incubated with 100 µL of SβG solution for 5 min. A
step-by-step schematic procedure of BoNT/A1 Simoa assay is shown in Figure 1. All incubations
were performed while shaking.
4.2.2.4 Imaging and Analysis
Enzyme-labeled immunocomplexed beads were suspended in 25 µL of RDG solution. Then, 15
µL of well-suspended captured beads in RDG solution were loaded by gravity into the 216,000
femtoliter-reaction wells on a single array of a 24-array Simoa disc73. The wells were sealed with
fluorocarbon oil 26. “On” wells containing the enzyme-labeled immunocomplexed beads will
turn over the RDG substrate to generate resorufin and are imaged using a built-in charge-coupled
device camera and standard imaging optics within the Simoa HD-1 Analyzer91. Using 46-fL
sized reaction wells, a high local concentration of fluorescent product is formed in the “on”
wells, which lead to the ultrasensitive detection capability of Simoa. By counting the number of
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“on” wells compared to the total number of the beads loaded into the wells, we obtain a digital
readout of the protein concentration in the original samples. At higher concentrations of the
target protein or in analog range, when each bead is labeled with at least one immunocomplex,
the average fluorescence intensity of the “on” wells is used to determine the concentration of the
target protein. The average enzyme per bead (AEB) is used as the standard unit of measurement
for both the digital and analog ranges in a Simoa assay.

Figure 1: Schematic procedure of BoNT/A1 detection using Simoa method. VHH antibody–labeled beads (a) are used to capture
BoNT/A1 in the sample, and subsequently (b) detected by a secondary biotin-conjugated VHH antibody (c) labeled with SβG
enzyme, forming an enzyme-labeled immunocomplex on the beads. Thousands of individual beads, with or without the
immunocomplexes, are suspended in RDG substrate and loaded by gravity onto the femtoliter wells. The wells are (d) isolated
from each other by fluorocarbon oil sealing, and (e) the fluorescent images are taken for the entire well array to determine the
“on” and “off” wells
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4.2.3 Results and discussion
For assay optimization, six VHHs, including JDA-D1, JDQ-F12, JDA-D12, JDQ-F12/JDA-D12,
JDQ-B5, JDQ-H7, and JDQ-H7/JDQ-B5, were tested in the Simoa HD-1 Analyzer for BoNT/A1
detection. Information about the clones and binding epitopes for these VHHs are listed in Table
1. Each VHH can be used as either a capture antibody (coupled to the beads) or as a detection
antibody (biotin-conjugation). By mixing and matching the capture and detection antibodies, we
generated a total of 30 antibody pairs that were used for BoNT/A1 detection. For each of the 30
antibody pairs, we ran a duplicate assay using ten-fold dilutions of BoNT/A1, 1–100 pg/mL in 1
X PBS containing 0.3% T20 and 0.1% BSA following the above protocol. As expected, the
antibody pairs with overlapping binding epitopes had poor performance, which resulted in
background AEB values at all concentrations. For example, when JDQ-F12/JDA-D12, with
binding epitopes A4/A5, was used as the capture antibody and JDA-D12, with binding epitope
A5, was used as the detection antibody, the AEB values were around 0.015 at all concentrations.
The VHH pair of two heterodimers, JDQ-F12/JDA-D12 and JDQ-H7/JDQ-B5, outperformed all
other pairs with a low background of 0.060 AEB and limit of detection (LOD) at 1 pg/mL. They
were later applied in the Simoa assay calibration curves development.
Serial dilutions of BoNT/A1 powder toxin in 1X PBS buffer (0.3% T20, 0.1% BSA) ranging
between 0.01–100 pg/mL (n=3) were analyzed using the Simoa method. Control samples (n=3)
were prepared without the toxin. As little as 400 fg/mL, or 40 fg in a 100-µL sample, was
detectable using the present method (Figure 2 and Table 1). Resulting data were fitted using a
four parameter logistic curve that had R2 > 0.99. The LOD was determined by extrapolating the
concentration from the background plus three times the standard deviation of the background.
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Table 1: Effects of various matrices on the responses of the Simoa detection assay to BoNT/A1

Matrix

Dilution

Coefficient of

Limit of detection

Quantitation range

Coefficient of

factor

determination (R2)

(pg/mL)

(pg/mL)

variation (%)

0.998

0.4

0.4 – 100

3.22 – 22.8

25%

1.000

0.2

0.8 – 400

3.95 – 21.5

10%

1.000

0.3

3 – 1000

3.44 – 14.51

1%

0.996

0.3

30 – 10000

2.03 – 38.5

25%

1.000

2.0

8 – 400

0.51 – 39.6

10%

0.998

1.0

10 – 1000

1.59 – 25.3

1%

0.990

0.6

60 – 10000

1.43 – 67.9

PBS buffer
Serum

Urine

Figure 2: Detection of powder BoNT/A1 in 1X PBS solution using the Simoa method. The log-log standard curve, R2>0.99,
provided a calculated LOD of 400 fg/mL. The dashed line indicates the boundary between the digital and analog readouts.
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This method is therefore applicable to detect suspected powder toxin samples with a broad and
ultrasensitive quantitation range of 0.4–100 pg/mL. In an average 70-kg adult, the lethal doses
are 100 ng intravenously or intramuscularly, and 70 µg orally. Therefore, considering that each
Simoa assay uses 100 µL of sample, the Simoa assay’s sensitivity is at least 2.5 x 10 6 times
below the intravenous lethal dose, at which there would not be any clinical symptoms. In
addition, the Simoa assay can be applied in situations where there is only a trace amount of
toxin. Even at 1000X dilution, the samples that have ~40 pg or more (2.5 x 10 3 times below the
lethal dose) are detectable by using the present Simoa method. The assay was accomplished in
64 min and the results were robust and reproducible at all concentrations (CV~3–23 %). As
mentioned earlier, we are interested in applying the Simoa method to the detection of BoNT/A1
in human samples. This application is essential in cases where patients are admitted with
suspected BoNT poisoning but the original toxin sample is not available for testing. A serum
sample of the patient can be drawn and subsequently tested for BoNT/A1 using the present
Simoa method. It is estimated that a 70-kg adult has approximately 5 liters of blood. Assuming
the injected toxin is evenly distributed throughout the entire 5 liters, in order to detect the trace
amount of toxin in a small sample of serum of ~100 µL (50,000 times diluted), an ultrasensitive
method is needed.
We applied the Simoa assay for the detection of BoNT/A1 in spiked serum samples ranging
between 0.01–100 pg/mL at 25%, 10% and 1% serum dilution in 1X PBS buffer (0.3% T20,
0.1% BSA) (Table 1). The lowest background and highest signal-to-noise ratios (S/N) were
achieved with 25% serum with a LOD of 200 fg/mL (Figure 3). Using the 4-fold dilution in
serum extended the quantitative range of BoNT/A1 Simoa assay from 0.8–400 pg/mL and
reduced the required sample volume to 25 µL. With a serum sensitivity of 0.8 pg/mL, any
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intravenously or injected amounts greater than 4 ng in total, 25 times less than the lethal dose,
are detectable using this method. These results demonstrate that the Simoa method is highly
applicable to the quantitative analysis of BoNT/A1 in human serum samples.

Figure 3: Detection of BoNT/A1 in spiked human serum and urine samples using the Simoa method. The log-log standard curves
in each matrix, R2>0.99 for both, provided calculated LODs of 200 fg/mL and 1.0 pg/mL for serum (yellow) and urine (red),
respectively. The dashed line indicates the boundary between the digital and analog readouts. Experiments were performed in
triplicate and the error bars represent the standard deviations.

In addition, we used the Simoa assay to detect BoNT/A1 in urine, to test for any possible matrix
interference. Similarly, BoNT/A1 was spiked in human urine ranging between 0.01–100 pg/mL
at 25%, 10% and 1% urine dilution in 1X PBS buffer (0.3% T20, 0.1% BSA) (Table 1). We
obtained a LOD of 1.00 pg/mL with the lowest background and highest S/N ratios at 10% urine
dilution, resulting in a sample quantitative range of 10-1000 pg/mL (Figure 3). Thus, there are
insignificant interferences when using urine as sample matrix for toxin detection.
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Most of the reported detection methods for BoNT focus on the detection of toxin in food and
water to identify foodborne botulism. However, the increasing concern for BoNT as a biological
weapon requires a reliable method for toxin detection in clinical matrices such as human serum.
The detection in clinical matrices remains difficult due to toxin sequestration within the body
making the amount of detectable toxin in biological samples much lower than the exposure
amount 75. Therefore, the detection method should be as sensitive as possible to maximize the
practical utility of the assay. In this study, we demonstrated the ultrasensitive detection of
BoNT/A1 using the Simoa method that is applicable to both powder toxin incidents (LOD at 400
fg/mL) and human biological matrices (LODs at 200 fg/mL and 1.00 pg/mL for serum and urine,
respectively). Our Simoa assay provides a rapid, simple, and ultrasensitive detection method in
human biological matrices to provide supportive care and address public health emergencies.
4.2.4 Conclusions
The Simoa assay described here has demonstrated the ultrasensitive detection of BoNT/A1. The
assay is significantly more sensitive and faster than mentioned methods. The enhanced
performance of the Simoa assay provides clinically actionable information in a timeframe where
there is only a short window for intervention. For future work, the Simoa assay can be developed
for other serotypes of BoNT, ideally with detection agents recognizing all of the serotypes. A
multiplexed assay that is capable of specifically detecting one or all other serotypes would be
ideal for biothreat applications and can be adapted using the previously reported multiplexed
format of the Simoa assay for up to 6-plex detection 32.
4.2.5. Funding
This study was funded in part by the Defense Threat Reduction Agency (Contract number
W911SR-10-D-0011).
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Chapter 5: Using antigen-antibody binding kinetic
parameters to understand single-molecule array
immunoassay performance
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5.1 Abstract
This chapter provides insights into the performance of single-molecule array (Simoa)
immunoassay by examining the effects of various capture and detector antibody-antigen binding
kinetic parameters. Simoa is similar to other immunoassays in that the overall Simoa
performance is heavily dependent on the choice of antibodies; however, little is known about
how the different properties of the antibodies result in the wide variations in assay performance.
Here, we focus on antibody-antigen binding kinetics and demonstrate how the association (kon)
and dissociation (koff) rate constants of the capture and detection antibodies affect Simoa
performance. We compared six different antibodies with over a four-log range of equilibrium
dissociation constants (KD) and found that Simoa assay performance had an inverse relationship
to the koff value of the detection antibody. The Simoa fluorescent signals were highest when the
koff of the detection antibody was less than 10 -5 s-1. The capture antibody koff did not have as
significant an effect but a koff less than 10-3 s-1 was preferred. We also found that the kon values of
the capture and detection antibodies were not important factors for Simoa performance.
Therefore, the assay optimization process could be accelerated by choosing detection antibodies
with the slowest koff values.
5.2 Introduction
Efforts to improve the sensitivity of protein detection techniques have been a primary research
focus for over a decade. New techniques, such as the ultrasensitive Simoa assay, have enabled
the discovery and detection of clinically important protein biomarkers, including prostate
specific antigen92, ricin toxin26, amyloid-β1–4293, tau protein94,95, anti-Dengue virus IgG and
IgM28, all of which required subfemtomolar detection sensitivity.
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Similar to a bead-based sandwich enzyme-linked immunosorbent assay (ELISA), the Simoa
assay involves attaching capture antibodies, specific to a protein analyte, to paramagnetic
polystyrene beads. Hundreds of thousands of capture beads are used to selectively bind the
analyte in a given sample matrix. The capture beads are subsequently labeled by a biotinconjugated detection antibody, which recognizes a different epitope on the protein target. The
immunocomplex formed on the bead is labeled with streptavidin-β-galactosidase (SβG), forming
an enzyme-labeled immunocomplex. The beads are then suspended in resorufin-β-ᴅgalactopyranoside (RDG) solution, and then loaded via gravity into an array with 216,000
femtoliter-reaction wells. The wells are then sealed and isolated from one another using
fluorocarbon oil. Beads containing SβG enzyme-labeled immunocomplexes catalyze the
hydrolysis of RDG substrate to the fluorescent product resorufin, which builds up to detectable
levels in less than 1 min. “On” wells containing enzyme-labeled immunocomplexed beads are
imaged, counted, and compared to the total number of beads loaded into the wells to give a
digital readout of the analyte’s concentration in the original sample72. Compared to a standard
ELISA, the Simoa assay can improve sensitivity by more than 1000-fold26. Because the Simoa
assay is designed to measure single molecules of protein by labeling each molecule with an
enzyme, the standard units used for a Simoa assay are “average enzymes per bead” (AEB) 72. In
this chapter, we describe the underlying factors of antibody-antigen binding kinetics that affect
the Simoa AEB values —the determinant of the analytical sensitivity.
Understanding the binding kinetics between antibodies and antigens is the key to developing
successful immunoassays 96. Chang et al. used an equilibrium mathematical equation to predict
the antigen capturing and labeling efficiency of antibodies by using a set of antibodies with a
three-log range of KD values 10. Using theoretical models, Chang et al. attempted to predict the
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main factors affecting each step of the Simoa assay: protein binding to the capture antibody and
captured protein labeling by the detection antibody. Even though the models showed potential
for predicting Simoa assay performance, there were no experimental data to support these
theoretical calculations. Thus, we sought to obtain experimental data showing the relationship
between antigen-antibody binding kinetics and the Simoa AEB values.
Upon stimulation (i.e. infection, intoxication), the host produces intact antibodies (IgG, IgM,
IgA, IgE) as a key defense against pathogenic organisms and toxins97. Antibodies are highly
specific targeting reagents that have been exploited in many applications including therapeutic
treatments 98,99 and diagnostic immunoassays 28,100,101. The most common serum antibody, IgG,
is a Y-shaped antibody with two fragment antigen-binding (Fab) tips and the stem fragment
crystallizable (Fc) constant domain. The ability of the IgG antibody, specifically the Fab regions,
to bind two antigen molecules to many cell-surface receptors or target proteins increases their
binding affinity, providing a longer binding time. The antibody then relies on the Fc constant
domain to recruit and interact with various effector molecules including complement and Fc
receptors found on phagocytes and other immune cells. This two-step recognition mechanism of
the antibody results in longer serum half-life.
Depending on the desired applications, oftentimes Fc-mediated effects are not required and
might create negative impacts. Multiple methods have been proposed to remove the Fc domain
using initial proteolysis of the IgG antibody into multiple constituent domains. Then, the
resulting domains can be genetically engineered into monovalent (Fab, single variable V H and VL
domains) or bivalent fragments (Fab’2, diabodies)97.
The main motivations for generating new engineered antibodies are high binding specificity,
enhanced thermal stability (often resulting in longer shelf-lives), and new epitope binding
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specificity to sites that are often inaccessible to conventional IgG antibodies 97,102. Interestingly,
certain animals, such as camels, llamas, alpacas and sharks, can naturally produce antibodies that
consist of heavy chains only103. The variable domains of these antibodies contain three
complementary determining regions (CDRs) that are responsible for specific antigen binding.
Using an antigen of interest, the animals are immunized and blood is collected for lymphocyte
preparation after an extended period of time of 6–10 weeks. Using methods such as reverse
transcription PCR (RT-PCR)90, heavy-chain-only sdAb genes can be cloned from the mRNA of
the prepared peripheral lymphocytes to generate immune libraries. Then, a comprehensive phage
display library can be constructed from the purified PCR immune libraries and screened against
the antigen of interest for identification and selection of binding agents from non-binding
ones104.
5.3 Materials and methods
5.3.1 Materials and Instrumentation.
Botulinum neurotoxin serotype A1 (BoNT/A1) was purchased from Metabiologics Inc.
(Madison, WI). Purified recombinant BoNT/A1 holotoxin (ciBoNT/A1) and recombinant
camelid anti-BoNT/A1 heavy-chain-only Ab VH (VHH) binding domains were made in the
Shoemaker Lab (Tufts Cummings School of Veterinary Medicine, Grafton, MA). The holotoxin
was mutated as previously described 105 to render a catalytically inactivated toxin for use in the
SPR experiments. Biotin CAPture kit, series S was purchased from GE Healthcare
(Marlborough, MA) which included a sensor chip CAP, biotin CAPture reagent, regeneration
stock 1, and regeneration stock 2. Simoa homebrew assay kit was purchased from Quanterix Inc.
(Lexington, MA). This kit included carboxyl-functionalized paramagnetic beads (2.7-µm in
diameter), EZ-Link NHS-PEG4 biotin, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
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hydrochloride (EDC), SβG enzyme concentrate, RDG substrate, bead diluent, detector diluent,
SβG diluent, bead conjugation buffer, bead wash buffer, bead blocking buffer, biotinylated
reaction buffer, wash buffer 1, and wash buffer 2. Amicon Ultra-0.5 mL centrifugal filters 3kD
were purchased from EMD Millipore (Billerica, MA). Simoa HD-1 Analyzer was purchased
from Quanterix Inc. (Lexington, MA). Experiments using surface plasmon resonance (SPR)
Biacore T100 (GE Healthcare, Marlborough, MA) were carried out at Tufts University Core
Facility (Boston, MA).
5.3.2 Kinetic analysis by SPR.
The on- (kon) and off-rate (koff) constants, and KD values for seven VHH antibodies were
determined by using SPR Biacore T100. Biotin-conjugated VHHs were individually captured on
the streptavidin-coated surface of the sensor chip CAP following the manufacturer’s instructions.
In brief, the surface of the sensor chip CAP was pre-immobilized with ss-DNA oligo. Biotin
CAPture Reagent, 50 µg/mL in 1X HBS–EP+ buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3
mM EDTA, 0.005% surfactant P20), consisting of streptavidin conjugated with the
complementary ss-DNA oligo, was injected and hybridized to the chip surface for 300 s at 2
µL/min. Each biotinylated VHH was immobilized by passing a 0.15 µg/mL solution of the VHH
in 1X HBS–EP + buffer over the chip surface for 180 s at 5 µL/min. A concentration series for
holotoxin ciBoNT/A1 (between 0.156 nM and 10 nM) was passed over the surface at 100
µL/min for 120 s, and then the dissociation was recorded for 900 s. The surface was regenerated
with 120 s injection of the regeneration buffer at 5 µL/min. The regeneration buffer was made
with 3 parts of regeneration stock 1 (8 M guanidine–HCl) with 1 part of regeneration stock 2 (1
M NaOH). Running buffer for all the SPR experiments was 1X HBS–EP + buffer. Data were
evaluated with Biacore T100 Evaluation Software (version 1.1.1). The kinetic parameters (kon
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and koff) and the binding affinity (KD) were determined by using the 1:1 kinetic fitting model.
The data were double referenced against the control flow cell and the 0 nM sample.
5.3.3 The Simoa assay.
A detailed procedure for preparation of capture beads with capture antibodies, biotin conjugation
of detection antibodies, capture of BoNT/A1, formation of SβG enzyme-labeled
immunocomplexes, imaging and analysis were previously reported29.
In brief, the Simoa assay process begins with the formation of single enzyme-labeled
immunocomplexes on beads by using the Simoa HD-1 Analyzer. The BoNT/A1 protein standard
was prepared in triplicate at 100 pg/mL concentration. 500,000 VHH antibody coated
paramagnetic beads were incubated with 100 µL of 100 pg/mL BoNT/A1 for 15 min with
shaking. The captured beads were washed three times with wash buffer 1 and were incubated
with 100 µL of 0.03 µg/mL biotin-detection antibody for 5 min with shaking. The captured
beads were washed again three times with wash buffer 1 and were incubated with 100 µL of 150
pM SβG enzyme solution for 5 min with shaking to form the enzyme-labeled immunocomplexes
on the beads. Then, the captured beads were washed six times with wash buffer 1, one time with
wash buffer 2, and were resuspended in 25 µL of 100 µM RDG substrate solution. 15 µL of the
bead suspension in RDG substrate was loaded via gravity into the 216,000 femtoliter-wells array
on the 24-array Simoa disc. The wells were sealed with fluorocarbon oil. “On” wells containing
the enzyme-labeled immunocomplexed beads turn over the substrate to generate the resorufin
product. Resorufin builds up to a detectable level within one minute due to its confinement in
ultralow volume reaction-wells. The average enzyme per bead (AEB) value equals to the ratio of
the total number of “on” wells to the number of loaded beads in the well-array.
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5.3.4 Safety considerations.
BoNT is highly toxic through inhalation, ingestion and injection. It is classified as a biosafety
level 2 agent and must be handled with special care inside the biosafety cabinet. The use of
BoNT in this study was approved by Tufts Institutional Biosafety Committee (registration
number 2015-MIA84). After completion of the experiment, the toxin containing samples were
destroyed with sodium hypochlorite.
5.4 Results and discussion
In order to compare the binding kinetic parameters between closely-related binding reagents, a
panel of single domain antibodies replaced conventional IgG antibodies in the Simoa assays.
Single domain antibodies, derived from sharks or camelids, have been widely used for over a
decade to replace conventional IgGs due to their high stability, ease of production, and
comparable binding efficiency26,90. We used SPR to determine the on- and off-rates for a family
of the VHH antibodies raised against BoNT/A1. The VHHs were prepared by a single
laboratory and have high homology so they are highly similar, enabling direct comparison. The
Simoa assays were developed for different VHH binding pairs to determine the final AEB values
for each VHH combination. In these experiments, all parameters were kept constant, such as
reagent concentration (antibodies, enzyme, substrate, and paramagnetic beads), number of
washes, and incubation time. We then analyzed the relationship of on- and off-rates of the
different VHHs, both as capture and detection reagents, as a function of the Simoa AEB values.
The SβG enzyme and RDG substrate were previously optimized for high signal-to-noise ratio,
low background, and reproducibility 26. By keeping the reagents and conditions consistent over
all experiments, we can isolate and investigate the effect of antibody-antigen binding kinetic
parameters on Simoa assay performance. The overall experiment scheme is shown in Figure 1.
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Figure 1: The overall experimental scheme.

There are two antibody-antigen binding steps in a Simoa assay: capturing the protein target by
antibody-coated paramagnetic beads and labeling the captured protein with a secondary detection
antibody. For each process, we consider the effects of the association and dissociation rates of
the antibody-antigen binding on the final Simoa AEB values. Seven VHHs: JDA-H11, JDA-D1,
JDQ-F12, JDA-D12, JDQ-B5, JDQ-H7 and JDQ-H7/JDQ-B5, were characterized for their
binding kinetics to BoNT/A1 using SPR. The resulting kinetic parameters are listed in Table 1
and the SPR sensorgrams are shown in Figure 2. On-rates ranged from 7 × 105 to 5 × 106 M-1s -1,
and off-rates ranged from 6 × 10-3 to 6 × 10-6 s-1, and KD values ranged from 1 nM to 1 pM.
These values are similar to selected IgG antibodies commonly used in ELISA106. Binding epitope
information is listed in Table 1 and is discussed elsewhere90.
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Figure 2: The surface plasmon resonance (SPR) multi-cycle kinetic sensorgrams for seven VHH antibodies. Multi-cycle data sets
(red lines) were obtained with ciBoNT/A1 concentrations of 0.156, 0.313, 0.625, 1.25, 2.5 nM. The data sets were fit to a 1:1
kinetic fitting model (black lines).
Table 1: Summary of binding kinetics characterization data of seven VHHs using SPR. SPR experiments were performed by
using the VHH-coated sensor chip for the binding of ciBoNT/A1. kon values ranged from 7 × 105 to 5 × 106 M-1s-1, koff values
ranged from 6 × 10-3 to 6 × 10-6 s-1, and KD values ranged from 1 nM to 1 pM. These binding parameters are similar to the
conventional IgG antibodies that are used in ELISA. First-order dissociation rate constant half-time equals to ln(2) divided by the
dissociation rate constant, koff.
VHHs

Plasmids

Binding

Association rate

Dissociation rate

Dissociation rate

Equilibrium

Epitope

constant

constant

constant

dissociation constant

kon (M-1s-1)

koff (s-1)

half-time (s)

KD (M)

JDA-H11

JEC-11

A1

4.16 × 106

6.59 × 10-3

1.05 × 102

1.58 × 10-9

JDA-D1

JDT-2

A1

7.87 × 105

3.20 × 10-4

2.16 × 103

4.07 × 10-10

JDQ-F12

JED-27

A4

1.18 × 106

4.07 × 10-4

1.70 × 103

3.45 × 10-10

JDA-D12

JCU-26

A5

1.58 × 106

4.86 × 10-4

1.43 × 103

3.08 × 10-10

JDQ-B5

JDY-9

A3

1.24 × 106

3.98 × 10-5

1.74 × 104

3.20 × 10-11

JDQ-H7

JDY-33

A1

8.88 × 105

2.61 × 10-5

2.65 × 104

2.94 × 10-11

JDQ-H7 +

JNK-3

A1/A3

5.04 × 106

6.63 × 10-6

1.05 × 105

1.32 × 10-12

JDQ-B5
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To analyze the first binding step in a Simoa assay, JDA-H11, JDA-D1, JDA-D12, JDQ-B5,
JDQ-H7, and JDQ-H7/JDQ-B5 were used as capture antibodies and JDQ-F12 was the common
detection antibody. Six different Simoa assays with BoNT/A1 protein standard were performed.
JDQ-F12 was chosen as the detection antibody due to its unique binding epitope, A4. All other
antibodies bind to different epitopes, thus preventing unwanted competitive binding (Table 1).
Figure 3 shows plots of the Simoa AEB values as a function of the association (Figure 3A) and
dissociation rates (Figure 3B) at 100 pg/mL concentration of BoNT/A1 for these capture and
detection antibody combinations. From Figure 3A, it can be seen that the AEB values do not
change appreciably when using the capture VHHs with different on-rates. The on-rates varied
between 7 x 105–5 x 106 M-1s-1 for the six VHH antibodies in this experiment. Even though this
dynamic range is narrow, the results showed no inherent differences in Simoa performance
between the lower on-rate antibodies compared to the antibodies with higher on-rates. Our work
draws a different conclusion than the previous findings of Chang et al. Using an absorption
kinetics equation, they calculated that the on-rate of the capture antibody would have a large
effect on the fraction of captured protein and concluded that the optimal capture antibody would
be the one with the highest on-rate10. In contrast, our results show experimentally that the Simoa
AEB values are not largely affected by the on-rates of the capture antibodies. We observed that
JDA-H11 VHH, with one of the highest on-rates (4 x 106 M-1s-1), generated the lowest
fluorescent signal. Thus, we conclude that the capture antibody on-rate alone is not a determining
factor for Simoa performance.
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Figure 3: Plots of the final AEB values vs. the (A) association rates and (B) dissociation rates of antigen-capture antibody
binding. No obvious pattern can be observed.

We then looked at the capture antibody off-rates. The AEB values in Figure 3B do not change as
a function of capture antibody off-rates. In the Simoa assay, the captured protein is surrounded
by a large number of unbound capture antibodies on the bead surface. Therefore, when
dissociating from a capture antibody, there is a high probability for the protein molecule to
rebind to a different nearby antibody. This high surface concentration of the capture antibodies
likely leads to lower effective off-rates of the protein from all the capture antibodies. It should be
noted that SPR measurements may also give lower effective off-rates because they measure
binding to a surface, and dissociation may be followed by rebinding when the surface
concentration of the capture antibodies is high. Our results agree with Chang et al. in that the
off-rates of the capture antibodies do not contribute significantly to the Simoa AEB values.
However, we note that one antibody, JDA-H11, with an off-rate greater than 10-3 s-l had a
significant drop in fluorescent signal (Figure 3B). Even with potential rebinding of protein to
other nearby antibodies, most of the bound protein would dissociate too quickly at this higher
off-rate. This dissociation would result in insufficient bound proteins remaining to form the
immunocomplex(es) at the end of the assay. Therefore, the capture antibodies with off-rates
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lower than 10-3 s-l are preferred for the Simoa assay. Further studies that include more antibodies
with off-rates greater than 10-3 s-l should be conducted to confirm this observation.
In the second step, JDQ-F12 was used as the common capture antibody. We ran six different
Simoa assays using JDA-H11, JDA-D1, JDA-D12, JDQ-B5, JDQ-H7, and JDQ-H7/JDQ-B5 as
detection antibodies. Figure 4 shows plots of the Simoa AEB values as a function of association
(Figure 4A) and dissociation rates (Figure 4B) at 100 pg/mL concentration of BoNT/A1. For
detection antibody on-rates, we observed a similar pattern to the capture antibody on-rates in
Figure 4A. The higher on-rates do not always correspond to higher AEB values. Our data, again,
disagreed with previous findings of Chang et al. where they determined that the optimal
detection antibodies have higher on-rates. Our experimental results demonstrate that the on-rate
cannot be the only factor when choosing a detection antibody.

Figure 4: Plots of the final AEB values against the A) association rates and B) dissociation rates of antigen-detection antibody
binding. The faster the dissociation rate, the lower the AEB signal while association rate has no direct relationship.

Most significantly, Figure 4B shows that the AEB values increase when the off-rates of the
detection antibodies decrease, except for JDA-D1 antibody. Resulting data, without the outliner,
were fitted using a power curve fitting equation, y = 0.0002x-0.714, that had R2 > 0.91. This result
clearly shows that the Simoa AEB signal is dependent on the off-rate of the detection antibody.
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In the Simoa assay, the detection antibody is bound to a single protein molecule on a bead and
consequently, there are no other captured proteins to which it can rebind once it has dissociated
from the surface. Therefore, the off-rate of the detection antibody is likely to be similar to its
solution value. It makes sense that the higher the off-rate, the faster the detection antibodies will
dissociate from the immunocomplex, resulting in the lower Simoa AEB values. Therefore, a
slower off-rate is preferred for the detection antibody. These results demonstrate that the most
important parameter for a good analytical signal using a Simoa assay is the detection antibody
off-rate because this parameter determines how well the antibodies stay bound to the captured
proteins. The slower the off-rate, the higher the AEB value. Although no direct theoretical
calculations were performed, Chang et al. also predicted that the off-rate of detection antibody
would be a significant factor affecting the Simoa AEB values. Our experimental data using a
family of related binding reagents provides direct evidence that this parameter is the key.
This chapter provides guidance for how to select optimal antibodies for the Simoa assays based
on antigen-antibody binding kinetics. In order to apply our results to the Simoa assay
development, there are several important factors to consider. This study is based on the
assumption that the coupling efficiency of the capture antibodies to the bead surface is similar
between different antibodies. This assumption is reasonable due to the similar sizes of the VHHs
and the consistent coupling technique used for this study. We also assume that the efficiency of
antibody immobilization onto the chip surface in the SPR experiments is similar between
different antibodies. The on- and off-rate values of antigen-antibody binding may vary slightly
when using different immobilization techniques107. In addition, SPR experiments might overestimate the binding affinities because of the rebinding of the analyte to another nearby ligand on
the chip surface. However, when using the same immobilization technique with constant
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antibody concentration to measure and compare a panel of antibodies, the overall trend in kinetic
binding performance should remain consistent, i.e. the antibody with the highest on-rate among a
panel of antibodies will consistently retain its relative rank. For the Simoa assays, an antibody
with a slowest off-rate is the preferred detection antibody. It is also important to use a capture
antibody with an off-rate smaller than 1 × 10-3 for optimal performance.
5.5 Conclusions
In this chapter, we examined a variety of antigen-antibody binding kinetic parameters and
compared them to the experimental assay fluorescent signals. The results provide important
insights into Simoa assay performance. Similar to other types of immunoassays, the Simoa assay
is highly dependent on choosing the right antibodies for capturing proteins on the surface and for
labeling captured proteins with the detection antibodies. While there are minimal criteria for
some of the kinetic parameters, we determined that the most important parameter is the off-rate
of the detection antibody. In order to maximize the final Simoa AEB values, one should strive to
find the detection antibody with the slowest dissociation rate constant. With this knowledge, the
assay optimization process can then be greatly simplified.
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