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ABSTRACT OF THE DISSERTATION

Development of a Novel Breathalyzer for the Detection of SARS-CoV-2 and Other

Respiratory Illnesses

by LIAM JOHN WHITE

Dissertation Director: German Drazer and Edward P. DeMauro

A respiratory-illness detecting breathalyzer inspired by a trap impactor has been de-
veloped to collect viral-particle-containing water droplets. A label-free nanowell-based
impedance sensor was used to detect the binding between SARS-CoV-2 spike proteins
and antibodies as the sensing platform for the breathalyzer. The sensor demonstrated a
1.5 pM limit of detection and displayed the ability to differentiate between SARS-CoV-2
and MERS-CoV spike proteins used with SARS-CoV-2 antibodies. After characterizing
the sensing platform, the trap impactor was designed to optimize the amount of virus de-
posited on the sensor surface. Multiple generations of trap impactors were developed and
characterized by their removal and trap efficiencies. Experiments were performed using
water and olive oil droplets as test aerosols, and constructed efficiency curves demonstrated
that increasing the trap ratio (the trap opening clearance divided by the depth) resulted in
an increase in trap efficiency, with the optimal tested impactor achieving 94%. However,
some impactor designs displayed efficiencies that decreased with increasing particle inertia,
which was unexpected. To explain this phenomenon and to better understand what drives
particle capture inside trap impactors, the axisymmetric flow field was investigated using
high-speed shadowgraphy, particle image velocimetry, and hotwire anemometry. The flow

field investigation revealed that decreasing the trap ratio resulted in increases in turbulent
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kinetic energy, and the regions of high turbulence could alter particle trajectories, prevent-
ing them from entering the trap and decreasing the trap efficiency. Numerical simulations
were performed using ANSYS Fluent to construct the flow field inside the particle traps
that could not be viewed experimentally. The simulations demonstrated that the increase
in turbulent kinetic energy was due to the wall jet escaping from the particle trap mixing
with the incoming jet, and was exacerbated for decreasing trap ratios. The experimental
flow fields, turbulent kinetic energy fields, and power spectral densities were used to vali-
date the simulations, with fair agreement. However, more work is needed to improve the
simulations. The reduction in trap efficiency for low trap ratios is hypothesized to be due
to the wall jet separating from the surfaces of the trap and mixing with the incoming jet
for small trap opening clearances. Also, further reducing the trap opening clearance can
create regions of enhanced shear between the edge of the jet and the trap entrance channel
walls that can break up the jet structure. The optimal trap geometry is proposed to reduce
jet mixing and is obtained by reducing the trap depth, increasing the trap diameter, and

rounding the trap edges.
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CHAPTER 1
AEROSOL SCIENCE AND SARS-COV-2

1.1 Introduction

1.1.1 BasicConceptsn AerosolScience

Suspended in the air are microscopic particles invisible to the naked eye. These particles
can be solid or liquid and are generated from vehicle exhaust, cooking, arc welding, granite
cutting, nebulizers, sneezing, coughing, breathing, and talking, among other sources. Solid
or liquid particles ranging in size between 0.001 to 100 are called aerosol particles or
particulate matter. Aerosols are of particular interest in the areas of atmospheric sciences,
combustion, manufacturing, and airborne pathogens. These particles can maintain their
structural integrity from a few seconds to a few years [1]. Interest in aerosol science and
the impact of particulate matter on human health has increased in recent years due to the
effects of industrialization, climate change, and especially airborne pathogens due to the
SARS-CoV-2 (Covid-19) pandemic.

One of the most important characteristics of aerosols is their size. Aerosol particle sizes
can range in orders of magnitude, affecting the time they are suspended in the air and their
potential impact on the human respiratory system. Solid particles have a large variety of
shapes and have a range of densities depending on the particle's porosity. The dynamic
shape factor, , characterizes the geometry of nonspherical particles. It is the ratio of the
resistive drag force of the nonspherical particle to that of the spherical particle with the
same volume and velocity. The equation for the drag force on a spherical particle is shown

below,

Fy= ; (1.1)




where is the uid dynamic viscosity, V is the relative uid velocity, d is the particle
diameter, and Cis the Cunningham slip correction factor. The dynamic shape factor is

then given by

Fa
3 Vde'

(1.2)

where d is the equivalent particle diameter for a particle with the same volume. Some

common shape factors are shown below in Table 1.1.

Shape Dynamic Shape Factor,
Sphere 1.00
Cube 1.08

Cylinder (L/D = 4)

axis horizontal 1.32

axis vertical 1.07
Cluster of Spheres

2 chain 1.12

3 chain 1.27

Table 1.1: Dynamic shape factors for different particles [1].

Liquid droplets are typically characterized as spheres with densities equivalent to the orig-
inal media.

The geometric diameter is not the only length scale used in aerosol science, as the
aerodynamic and Stokes diameters are two commonly used equivalent diameters [1]. The
aerodynamic diameter is the diameter of a spherical particle with the density of water (1000
kg/m?®) that has the same settling velocity as the particle of interest. The Stokes diameter is
the diameter of a sphere with the same density and settling velocity as the particle. Aerody-

namic diameter is more commonly used for Itration and separation devices. For spherical



particles, the aerodynamic diameter is given below,

da= d, —z; (1.3)

where ¢ is the particle geometric diametey, is the particle density, ang, is the density
of water.

Aerosol concentration is the collection of aerosols suspended in a medium, and it is
divided into number and mass concentration. Aerosol concentration is routinely used when
discussing the air quality through the air quality index, or AQI. The AQI is a combination
of the mass concentrations of multiple air quality monitors that can affect respiration, such
as particle pollutants, Ozone, Carbon Monoxide, and Nitrogen Dioxide, among others [2,
3]. An AQI less than 100 is considered acceptable, whereas values from 101-150 are con-
sidered "unhealthy for sensitive groups,” and an AQI greater than 200 is very unhealthy
for all individuals. The number concentration, like the AQI, is the number of particles in a
given volume of gaseous media, and the mass concentration is the total mass of the aerosols
in the given volume. Diving deeper into the number and mass concentrations is the parti-
cle distribution. Monodisperse distributions contain particles of one uniform size, whereas
polydisperse distributions have a range of particle sizes. Devices that take advantage of

differences in particle inertia can separate particles based on their size.

1.1.2 Inertial Impactors

Inertial impactors are devices that separate particles from a ow stream based on size.
They are used in airborne particle sampling, air quality monitoring, and biological sample
Itering, among other applications [4, 5, 6, 7, 8]. Impactors use a converging nozzle to
accelerate a ow and place an obstacle in its path, such as a at plate, to remove patrticles
above a speci c size. Consider the motion of aerosol particles transported in a ow stream.
Particles with high inertia are less likely to follow the ow when an obstacle is encoun-

tered and may even collide with it. The dimensionless number characterizing a particle's



inertia is known as the Stokes number and will be explained in further detail in chapter 3.
Impactors use a nozzle to accelerate the ow impinging on a at plate, and particles with

suf ciently high inertia will collide with it shown in Figure 1.1

Figure 1.1: Schematic of at plate inertial impactor.

where O, is the inlet diameter, 2R is the outlet diameter, and S is the distance between the
end of the nozzle and the impaction plate.

The rstimpactor was reported to have been developed in 1860 by Pouchet Aeroscope
for investigating airborne particles and diseases by looking at the collected particles under
a microscope [9]. The rstimpactors used at plates to collect particles removed from the
ow, and it was not until 1945 that a new development was introduced, known as a cascade

impactor, which, by integrating multiple impactors in succession could provide informa-



tion on the particle size distribution [10]. In fact, tuning the geometry of the successive
test stages could remove particles of various sizes from the ow at different sections and
give information about the particle size distribution depending on the particles removed at
each stage. Many studies have been performed using single-stage and cascade impactors,
with the impactor performance being graded by its ef ciency, which is the percentage of
particles removed from the ow [5, 6, 8, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].

The trap impactor is a variation of the at plate impactor introduced in 1988 by Biswas
and Flagan [22] (see Figure 1.2). The trap is a recessed region added to the center of a at
plate where particles are expected to be collected. This con guration allows particles to
be trapped in a collection site for easier examination in applications such as biosensors or
air and water quality monitors [23, 24, 25, 26, 27, 28, 29, 30]. However, the trap impactor

con guration increases the number of geometric parameters that may affect ef ciency.



Figure 1.2: Trap impactor schematic.

Here, B is the trap diameter and T is the trap depth. Typical non-dimensional geometric
parameters for trap impactors are/BR, called the diameter ratio; S/2R, known as the

gap ratio; and T/2R, known as the depth ratio. In this thesis, we will characterize the trap
geometry by the trap ratio (TR), which is the trap opening clearance divided by the trap

depth, and will be discussed in chapter 4.

1.2 Motivation

1.2.1 Impactof the Covid-19Pandemic

The Covid-19 pandemic swept across the world in 2020, and the novel respiratory illness

has since claimed the lives of 7.1 million people worldwide [31]. Measures were taken



to limit the spread of the disease through mask mandates, social distancing, and, eventu-
ally, lockdowns. Aerosols generated in the respiratory tract drive the disease's spreading
mechanism [32]. When people speak, sing, cough, or sneeze, these laced water droplets
are expelled through the mouth and nose and ejected into the air.

Respiratory aerosols are classi ed by their generation site, and the smaller the droplets,
the deeper in the respiratory tract they are produced [33, 32, 34]. Bronchiolar aerosols are
generated through the bronchiole uid Im burst mechanism, where a liquid bridge in ter-
minal bronchioles is fragmented into droplets during inhalation and carried into the alveoli
[33, 35]. Bronchial aerosols are produced on exhalation when high-velocity expelled air
disturbs the mucous lining of the bronchioles and shears the mucous into ne aerosols.
Laryngeal aerosols are produced during speech through vocal fold vibrations [33]. Oral
aerosols are produced from saliva between the lips and epiglottis [33].

Droplets larger than 100m will have more mass and settle onto surfaces within 1 m
of the emitter [32]. Surfaces contaminated by exhaled droplets are termed fomites. These
droplets can spread the disease only if the subjects are within 0.2 m while talking or within
0.5 m while coughing [32, 36]. Smaller droplets, however, will stay suspended in the air for
longer periods of time and are more likely to be inhaled by others and spread the disease.
Figure 1.3 below summarizes the spreading mechanism of Covid-19 and the generation

sites of the different types of aerosols.



Figure 1.3: Schematic of exhaled aerosol transmission mechanisms. From [32]. Reprinted
with permission from AAAS.

Multiple studies have found that viral load varies with droplet size, with smaller par-
ticles having a higher concentration of virus [37, 38, 39, 40, 41, 42]. Speci cally, it has
been shown that particles smaller thanrd can contain up to 8.8 times the number of viral
copies contained in larger particles [38]. Studies investigating the particle size distribution
in exhaled breath have also demonstrated that particsm have a much higher number
concentration than larger particles [34, 43, 44]. The combination of small droplets having
a long residence time in the air, a high viral load, and the largest number concentration all
potentially work in concert to proliferate the spread of respiratory illnesses.

One of the paramount tasks to slow down or stop the spread of the virus was to develop
devices to detect the presence of Covid in individuals. Multiple tests were created utilizing
RNA/DNA molecular analysis, biosensors, antibody/antigen testing, and clinical imaging
[45, 46, 47, 48]. Still, all had drawbacks, such as invasive and uncomfortable procedures,

long collection times, high sample volumes, and poor portability [49, 50, 51, 52, 53].



1.3 Novel Breathalyzer Trap Impactor

To address these issues, this thesis proposes a novel breathalyzer using a trap impactor to

collect viral Covid particles encased in exhaled aerosols (see Figure 1.4).

Figure 1.4: Schematic of the trap impactor used for collecting water droplets encasing
Covid-19 virus.

This solution is easy to use, especially for those with dif culty self-administering tests,
as users only blow through the inlet and do not have to subject themselves to painful or
uncomfortable collection methods.

A at plate is placed after the nozzle with a cavity in the center acting as the trap. Some
particles in the ow will enter the trap, deposit on its surfaces, and be collected, whereas
others may not enter the trap or may enter and exit the trap, and are missed. Unlike other
impactors, the main priority of this design is not only to remove particles from the ow

but to optimize for deposition inside the trap. Hence, the viral particles would be readily
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available for detection. The geometry is tailored to maximize capture for inlet pressures
similar to human exhalation.

To rsttest the viability of the trap impactor as a breathalyzer, we characterized a label-
free nanowell-based impedance sensor that can detect the binding between a target disease
antibody and antigen. This sensor is placed inside the particle trap, and the transported
viral particles are deposited on the sensor for detection. Different impactor nozzle designs
were then optimized to increase particle inertia and enhance particle capture. The accel-
eration nozzle is designed to increase particle inertia thus enhancing particle deposition in
the trap, and at the same time, it should maintain suf ciently high ow rates to increase
the total amount of virus available for capture. The nozzles were modeled and 3D printed,
and experimental ow rates are compared with predictions. Experiments with varying trap
geometries were then performed to determine the nozzle and trap combination that maxi-
mizes ef ciency. Preliminary experiments using water droplets resulted in potential effects
from evaporation making the interpretation of the results challenging. To reduce these ef-
fects, olive oil droplets were used instead. The olive oil particle distribution is characterized
through two methods: microscopy after allowing a cloud of droplets to settle under gravity,
and using an optical particle sizer. A model for predicted ef ciency for the trap impactors
was developed from impactor theory, experimental ef ciency data in the literature, and the
measured particle distributions. We determined that modifying the trap impactor geometry,
speci cally increasing the trap ratio, is a critical parameter for maximizing trap ef ciency.
Interestingly, designs with low trap ratios performed poorly even when particles had high
inertia, which was not thoroughly investigated in the literature. To determine what could
be responsible for the poor impactor performance, the ow eld between the nozzle exit
and the trap was experimentally examined to determine potential mechanisms responsible
for the decrease in ef ciency. Finally, numerical simulations were conducted to develop an
understanding of the ow eld inside the particle traps that could not be visualized with

experiments.
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The nanowell sensor is characterized in chapter 2. The impactor ow eld and particle
dynamics are discussed in chapter 3. The experimental setup, design, and methodology
for the impactor ef ciency characterization are explained in chapter 4. Impactor ef ciency
results using water droplets and olive oil particle size distributions are explored in chap-
ter 5. The prediction model and experimental ef ciency results for impactors using olive oil
droplets as test aerosols are detailed in chapter 6. The experimental setup for the impactor
ow eld investigation is described in chapter 7. High-speed shadowgraphy, particle image
velocimetry, and hotwire anemometry were used to study the impactor ow eld, and the
results are presented in chapter 8. Numerical simulations studying the ow eld in the en-
tire impactor, with emphasis on the particle trap, are explored in chapter 9. Trap ef ciency
reduction mechanisms are explored in chapter 10, and we introduce the optimal trap geom-
etry. Finally, in chapter 11, the conclusions of this dissertation are summarized, and future

work is proposed.
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CHAPTER 2
NANOWELL SENSOR FOR ANTIBODY/ ANTIGEN BINDING DETECTION

2.1 Introduction

The respiratory iliness detection mechanism for the breathalyzer is based on a microfabri-
cated, label-free nanowell impedance sensor previously used to detect stress hormones and
cytokines in serum [54, 55, 56, 57, 58, 59]. In order to assess the potential of this sensor
to detect SARS-CoV-2, we have tested its performance using SARS-CoV-2 spike proteins
suspended in either Phosphate-Buffered-Saline (PBS) or arti cial saliva, in independent

experiments.

2.2 Materials and Methodology

2.2.1 Impedance&sensoMethodology

The sensor is a 55 array of nanowells microfabricated over a 20 un20 um area con-
sisting of two opposing gold electrodes separated by an aluminum oxide layer. Antibodies
are rstinjected and adsorbed on the surface of the nanowells by applying an AC electric
eld. A sample protein in solution is then introduced, and the impedance between elec-
trodes is monitored through lock-in ampli ers to determine the presence of the antigen
that corresponds to the adsorbed antibodies, that is the formation of antibody-antigen pairs.
The schematic cross-section view of a single well in the array is shown in Figure 2.1a,
indicating the two gold layers acting as electrodes and separated by a thin dielectric layer
of aluminum oxide. Figure 2.1b shows antibodies adsorbing to the surface of a nanowell
in the presence of the AC eld. As the antigens in solution are introduced to the sample
and bind to the antibodies (Figure 2.1c), the impedance across the electrodes increases.

The equivalent circuit model is shown in Figure 2.1d and e, wRgris the solution resis-
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tance Rs is the polarization resistancgy is the double-layer capacitance, &glige is the

oxide layer capacitance. The nanowell characterization is discussed in detail in previous
research by Mahmoodi et al [59]. Measurable increases in impedance indicate the pres-
ence of antigen-antibody pairs after introducing the test sample. Although the impedance
changes are obtained by measuring current, the rst stage of the lock-in ampli er is a mixer
that compares the reference voltage with the signal measured. Thus, we rst need to con-
vert the signal to a voltage for the lock-in ampli er to process the data further. The circuit
topology is shown in Figure 2.1e. The signal is converted to a voltage after passing through
the current ampli er. Therefore, in some gures, voltage is used as the unit for present-
ing preliminary results. However, since voltage depends on the ampli er gain, impedance
is a more intrinsic and normalized property of the sensors themselves. Consequently, in
most gures, voltage values are converted to impedance, expressed in unjtasihg the

formula below,

0:1
Z= Pp— :
2 2 Voupu 106
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(@) (b)

(c) (d)

(e)

Figure 2.1: (a) Cross-sectional view of a single nanowell. (b) Cross-sectional view of single
nanowell adsorbing antibodies. (c) Cross-sectional view of the nanowell adsorbing target
protein. (d) Equivalent circuit model. (e) Equivalent circuit of the measurement platform
using a lock-in ampli er.

2.2.2 SensofFabrication

The nanowell sensor fabrication process is explained in detail in Ref. [27], but a brief
description is as follows and is shown in Figure 2.2a. The sensor is prepared on 7.62
cm-diameter, 500 um-thick fused silica substrates. Two alternating layers of gold and alu-

minum oxide were deposited onto the wafer through e-beam and atomic layer deposition,
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respectively, and are shown as Steps 1-4. The rst and second layers of gold overlap in a
small 20pm 20 um area, and they act as the electrodes in the sensor. After depositing the
four metal layers, the wells are patterned in the overlapping area by multiple wet etching

steps that penetrate through the top three metal layers and down to the original gold layer,
as shown in Step 5. The antibodies, antigen, and buffer solutions reside inside the wells
(shown in zoomed-in view of Step 5), where the lock-in ampli er measures the impedance

across the two gold layers acting as electrodes. A polydimethylsiloxane uidic cell is glued

to contain the liquids. To connect the impedance sensor to other electronic equipment,
electrically conductive wires are attached to the gold layers by conductive epoxy , and the
completed sensor is shown in Figure 2.2b. The zoomed-in images are of the microscopic

view of the patterned nanowell array.
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(@)

(b)

Figure 2.2: (a) Sensor fabrication process - Step 1: rst gold layer deposition, 2: rst
aluminum oxide layer deposition, 3: second gold layer, 4: second alumium oxide layer, 5:
wet etch down to rst gold layer; (b) From left to right: 1. View of a fabricated wafer; 2.
Single nanowell sensor; 3. Microscope view of electrodes; 4. Microscope view 055
well-shaped arrays.

2.3 Experimental Setup

2.3.1 ExperimentaProcedure

The device detects binding between target antibodies and antigens by monitoring the changes
in impedance between the two gold electrodes in real-time. Numerous sensors are used in
the experiments discussed in this dissertation. The following is the step-by-step procedure
to record the change in impedance. Note that, after each step, the sensor is allowed to rest,

undisturbed, for 10 minutes.
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First, the sensor is connected to the lock-in ampli er and is supplied with a 100 mV,
1 MHz AC signal. Then, 5 L of 1X PBS are injected into the empty nanowell to create
the liquid environment. Next, 3 moreL of 1X PBS are added. Then, & of the target
antibodies are injected. If the antibodies adsorb successfully, an increase in the impedance
should be recorded by the lock-in ampli er. The power is then turned off and all liquid is
removed from the nanowell via pipette. The sensor is therefore considered dry, with the
antibodies still adsorbed to the sensor walls. The power is then restored, dndf3LX
PBS are added, followed by 3 mord to recreate the liquid environment. Lastly, &
of the target antigen prepared at the concentration of interest are injected into the sensor to
record the change in impedance over ten minutes.

We used a potentiostat to characterize the impedance spectrum of the biosensor devices
[56]. We performed impedance measurement tests ranging from 10 Hz to 3 MHz on nu-
merous sensors and observed that beyond 100 kHz, the impedance reaches a constant value
and becomes dominated by resistance. Thus, we choose to operate at a frequency of 1 MHz

to monitor changes in ionic resistance due to antigen binding [56].

2.3.2 ReagenPreparation

Experiments utilize monoclonal and polyclonal SARS-CoV-2 antibodies. Figure 2.3 shows
the sensor response to the adsorption of the monoclonal and polyclonal antibodies in arti -
cial saliva. We can conclude that there is no signi cant difference in the types of antibodies
used, as the response curves behave similarly and overlap. Therefore, both types of anti-

bodies are used throughout this dissertation.
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Figure 2.3: Comparison of output voltage in response to monoclonal and polyclonal anti-
bodies. Due to the curves having very similar behavior and overlapping, we conclude there
is no signi cant difference between the types of antibodies used.

The antibodies were prepared in a concentration of I§énL rst using 1X PBS, and
then later in 0.18X PBS, as will be explained in section 2.4. The target protein was the wild-
type SARS-CoV-2 spike protein prepared in arti cial human saliva, having concentrations
ranging from 0 ng/mL to 1000 ng/mL (0 - 7.5 nM, spike protein molecular weight = 134
kDa). After characterizing the sensor with SARS-CoV-2 antibodies and spike protein,
SARS-CoV-2 antibodies were used with MERS-CoV spike proteins to demonstrate protein
speci city. These experiments determined if the sensor can differentiate between the target
protein (SARS-CoV-2) and a different protein that should not bind with the antibodies. The
speci city tests were performed using the MERS-CoV spike protein prepared in 0.18X PBS
at a 1000 ng/mL concentration with SARS-CoV-2 antibodies prepared in 0.18X PBS.

Figure 2.4 displays the results from preliminary experiments of SARS-CoV-2 spike
protein prepared in 0.18X PBS and arti cial saliva buffers binding with SARS-CoV-2 an-
tibodies prepared in 0.18X PBS. The behavior of the output voltages over time for the four
curves is similar, as after the sharp decrease in voltage near 20s, the output voltage slowly

decreases before slightly increasing at the end of the experiments. The arti cial saliva
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output voltage does not have a markedly different behavior than the 0.18X PBS results,
and thus, we determined that either 0.18X PBS or arti cial saliva could be interchangeable

protein buffers.

Figure 2.4: Comparison between SARS-CoV-2 spike protein antigen prepared in arti cial
saliva and 0.18X PBS. The antigen prepared in arti cial saliva, shown in blue, has a similar
output to the antigens prepared in 0.18X PBS.

2.3.3 Real-TimeMeasurmentandlmpedance&ChangeMethodology

As mentioned previously, the lock-in ampli er measures the change in impedance in real-
time. Figure 2.5 displays the real-time impedance for the addition of 1X PBS to the empty
sensor (red) to create the liquid environment, antibodies (blue), and 1000 ng/mL SARS-
CoV-2 spike-protein antigen (yellow) over a ten-minute period. The PBS curve shows
a slowly decaying impedance due to the increased conductivity generated by the PBS.

The antibody and antigen curves display a sharp increase in impedance, referred to as
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