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ABSTRACT
Cytoflow Optics Analysis
Matthew Wayne Janke

This project was founded by Cytoflow a flow cytometry company. The company’s aim
IS to make a custom cytometer that can be used by consumers. The purpose of this
project was to create a design for the optics assembly of the cytometer. Prototypes were
constructed and then tested to analyze results. Data was collected then analyzed using a
specific standard across all cytometers. Using these guidelines a result was yielded that
helped to improve the resolution of the system and decrease the size. Making the
prototype more efficient and lower the cost. From the design review Cytoflow was able
to develop a pathway used to push their project towards the market.
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Introduction

Flow cytometry is a tool that can be used to analyze the physical as well as chemical
properties of particles. Its aim is to quickly analyze cells using their size and internal
complexities. This tool is widely used for analysis of cells in the human body [1]. Some
examples of the fields where this tool is applicable as well as the cells it can analyze are
seen in Table 1. This table shows the common biological data that is run on a flow
cytometer. Looking at these cells can help to diagnose a patient or to observe the
progress of a disease that is in the blood. The device is able to tell the user the difference

between normal healthy human blood cells or see slight differences in blood cells.



Table 1. Application for flow cytometry

Field

Immunology

Oncology

Hematology

Blood
banking

Genetic
disorders

Clinical application

Histocompatibility cross-
matching

Trenzplantation rejection
HLA-B27 detection
Immunodeficiency studies

DMA content and & phase of
tumors

Megsurement of proliferation
markers

Leukemia and lymphoma
phenotyping

Identification of prognostically
important subgroups

Hematopoietic progenitor cell
enumeration

Disgnosis of systemic
mastocytosis

Reticulocyte enumeration

Autoimmune and alloimmune
disorders

Anti-platelet antibodies
Anti-neutrophil antibodies
Immune complexes

Feto-maternal hemorrhage
quantification

Immunohematology
Assessment of leukocyte
contamination of blood products

PNH

Leukocyte adhesion deficiency

Common characteristic measured

IgG, IgM

(D3, circulating OKT3

HLA-B27
CD4, CD8
DNA

Ki-67, PCHal

Leukocyte surface antigens

TdT, MPO
024

D25, CDgo
RHA

IgG, IgM
IgG

Complement, IgG

Hemoglobin F, rhesus D
Erythrocyte surface antigens
Forward and side scatter,
leukocyte surface antigens

D55, CD59

CD11/CD18 complex

Flow cytometry is used all around the world but is such a specialized topic that there is a

limited public knowledge of the system. However, it has recently taken off in the past

decade. It has become a key piece of research equipment for clinical laboratory work [1].



This was caused by the development of smaller, user friendly, less expensive instruments
[2]. These devices can be used to look at DNA content analysis, leukemia and lymphoma
phenotyping, immunologic monitoring of HIV-infected individuals, and properties of
leukocytes and platelets [2]. With the increasing need for smaller, more precise, and
customized machines CytoFlow was founded in 2013. CytoFlow is a new contender to

the consumer based flow cytometer.

The aim of this project was to introduce a new flow cytometer to market. By working
with Cytoflow the goal of this project was to create a new brand of cytometer that could
be easily customized to a consumer’s needs. Current cytometers are all created the same
way by a company. Once the consumer purchases the product it must be modified in-
house to fit their specific need. The final goal of Cytoflow is to create a device that can
fit the customers’ needs allowing easy implementation for specifications that were

designed for the customer purchasing the product.



Background

The first application of counting cells while in flow was recorded in 1934 [3]. This
machine was known as the Coulter Counter. This machine operated by passing red blood
cells through a capillary stage and each cell passing by was counted by a photoelectric
apparatus [3]. In 1949 the Coulter Counter was filed for patent [3]. The technology
introduced by the Coulter Counter has since been used and refined to produce new

technologies. The Coulter Counter led to the introduction to flow cytometry.

The invention of the flow cytometer let to the development of many different advances in
cell analyzing. Flow cytometry has been used for studying the cell cycle, apoptosis,
cellular and molecular profiles, cellular molecular detection, cell proliferation,
transfection, cell viability, and immunology [4]. Recent research has shown that flow
cytometry could be invaluable in drug screening and drug development [4]. Flow
cytometry was originally produced for hospital use. These devices were often times large
and very complex. As time went on a market developed for a cytometer that could be
created for personal use as a diagnostic tool for use in portable testing as well as clinical
testing. In 2006, BD Accuri C6 introduced the first personal flow cytometer, a new type
of machine that was compact and more affordable to the general public [4]. This creation

introduced the market of personal flow cytometers that Cytoflow hopes to capture.

Cytometers use a variety of different technologies to create a working system. All
components are optimized in order to achieve a working system. The main components

consists of microfluidics, electronics, and optics. These three major components are



interwoven into a cytometer through the six subcomponents of a system. [5] These
components include a flow chamber, laser, light detectors, filters, fluidic pumps, and a
computer [5]. Before the flow cytometer can be used the cells must first be treated.
Using markers cells can be stained with fluorochromes, which effectively mark the cells
for flow cytometry. [6] An overview of the components used in a flow cytometer can be

seen in Figure 1.
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Figure 1. Example of cytometer light path

The flow chamber is responsible for the microfluidic portion of the flow cytometry. The
sample cells are run through an optically clear tube. This is usually done by utilizing the
laminar flow properties of microfluidics. A fluid often called the sheath fluid is used to
help move the sample through the flow cell. The laminar flow properties stop these two
fluids from diffusing into one another. This essentially creates what can be referred to as

a cylinder concentric to another cylinder. The inner cylinder is the sample with the



properties that are to be analyzed [8]. The outer cylinder is the sheath fluid with known
properties by the observer. The sheath fluid is usually a buffer fluid that will help to
suspend and maintain the sample cells [8]. The sheath fluid also helps to align the
sample fluid in the middle of the flow cell [8]. A laser is then placed perpendicular to the
flow cell and focused on the sample “core” [8]. As the cells pass through the laser they
are illuminated by the laser light. The light that hits the cells create different scatters of

light [8]. These are broken into forward scatter and side scatter [8].

Light Optics
There are three major concepts that must be understood to follow the pathway of light in

a flow cytometer: light bending, separation, and filtration.

Light Bending/ Focusing
Light can be manipulated in many different ways using different lenses. Collimated light
is light that does not have an angle associated with it. It would travel in a straight line

forever like that seen in the image below Figure 2.

Figure 2. Image of collimated light



The above image portrays light that is traveling out of a collimated source. The light will
continue to travel in a straight line unless acted upon by an outside factor. Ina 3D
dimension this light can be thought of as a column of light whose properties do not

change.

However, if collimated light passes through a convex lens it would focus down to a point

equal to that lenses focal point much like that seen in Figure 3 below.

Figure 3. Image of light focused via a lens

Light that passes through the lens will be focused into a single spot known as the focal
point. It is here that the light will be at its greatest intensity. The properties of the lens
the light passes through will determine how close or far away the focal point is from the
lens. From the focal point, light will continue to travel in the direction it was heading
unless changed. From here light can be collimated again if needed. If another lens is

placed its focal distance away from the focal point of light, the light can become



collimated again causing the light to travel again with no associated angle see Figure 4

below.

Figure 4. Light being focused then collimated again

If required the focal depth of light in the x and y direction can be achieved independently.
This would often be done if specific properties are required for light. Creating this type of
light focusing can be done using plano convex lenses. A plano convex lens has a profile
that looks like a “D” that is to say it will only focus light along one plane. Depending on
the orientation of the lens it can either focus light in the x or y direction. If two plano
convex lenses are used in conjunction with each other they can focus a collimated beam
along the x and y axis at two different points depending on their focal length. The reason

why this is necessary will be explained in greater detail under the Laser design section.

Separation/Filtration
Separation of light is used in a flow cytometer to analyze the desired wavelengths of

light. This is usually completed by using dichroic mirrors. A dichroic mirror is a mirror



with significantly different reflection and transmission properties for varying
wavelengths [9]. This means that at certain wavelengths it will act as a mirror reflecting
the light and at other wavelengths it will allow light to pass through it. These come in
two varieties, long-pass and short-pass. A short-pass dichroic mirror will transmit any
wavelength of light that is below the cutoff of the mirror and reflect any wavelength
above the cutoff [9]. For instance a short-pass dichroic mirror that is 450nm will allow
wavelengths of light less than 450nm pass through it and reflect wavelengths of light
above 450nm. A long-pass dichroic mirror works in the opposite way of the short-pass
mirror. It will transmit any wavelength of light that is above the cutoff of the mirror and
reflect any wavelength of light below the cutoff [9]. When further filtration is needed a
notch filter can be added in conjunction with a dichroic mirror. A notch filter is the
equivalent of a short-pass and long-pass dichroic mirror combined [8]. The filter has two
cutoff values and can work in two different ways. The filter can either transmit the
wavelengths between the two cutoff values and reflect the wavelengths outside of the

values or work in the opposite way.

Scattered Light

When the laser hits the cells passing through the flow cell it causes laser light to be
scattered. There are two main types of light that are collected in cytometry they are
known as forward scatter and side scatter [10]. This information is used to distinguish
between cells and types creating populations of similar cells. The forward scatter light
correlates to the cell size whereas the side scatter depends on the density of the particle

[10]. An example of what this scatter looks like can be seen in the image below Figure 5.
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'FSC

SSC

Figure 5. Light Scatter off a cell [10]

The forward scatter from the cell, abbreviated FSC, is on the same axis as the laser while
side scatter, abbreviated SSC, is that produced at all angles relative to the laser [10]. For
the particular flow cell used in this project, only the side scatter that is orthogonal to the
laser is collected. This can be seen when looking at the images of the flow cell. This
reading becomes particularly important when analyzing blood cells, as a comparison
between forward scatter and side scatter creates different populations of cells [10]. For
instance a large granular cell would produce a high forward scatter and high side scatter,
while a large, not so granular cell would produce high forward scatter with low side
scatter [10]. Below in Figure 6 is an image that shows how the populations are separately

analyzed using forward and side scatter.
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Figure 6. Example image collected from whole blood [10]

The image shows populations of different cells as labeled in the image. This information
can be used to see if cells are missing from a sample or look for markers placed in the
sample by the user. The side scatter light that is collected is then used to produce
fluorescent data. Using a combination of dichroic mirrors and filters different
wavelengths of light can be channeled into detectors. The wavelength of light that
reaches the detectors will be determined by the mirrors and filters in the system. The
photons that enter the detector will then cause a voltage to occur and this is recorded by
the software. When the light hits the cells the fluorochromes they contain will emit a
certain wavelength known by the user. Special optics filters are used to accept and reflect
these wavelengths. By analyzing the light that is collected through each filter the user
will get a count of the fluorochromes passing through the flow chamber. This will give
an accurate count of the cells that pass through the flow chamber. [5] Once this data is

collected it can be analyzed in computer software, which allows the user to look at the
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size of different cells that are marked with the corresponding fluorochrome [5]. The cell

data is placed into histogram plots like the image below in Figure 7.

Yellow Fluorescence

T

Green Fluorescence

Figure 7. Example of how cells are displaced into regions [5]

This image displays how a bivariate plot of a green fluorescence and yellow fluorescence
detector would interact. The X and Y axis act as counts for the cell. A cell with no
markers on it would have no counts of green or yellow fluorescence causing it to appear
in the bottom left corner. While a cell with both markers would appear in the upper right
corner. If a cell has only green markers in it, it will stay along the X axis but vary in
count depending how many markers are present. When hit with a laser markers will
fluoresce. The color will reach the respective detector and be plotted according to
fluorescence intensity. Quadrants can then be looked at when comparing the two color
markers. As seen in the image, each combination of markers will appear in their
specified quadrants. Data for cells with only yellow fluorochromes will appear in

quadrant 1. Data for cells with both green and yellow fluorochromes will appear in
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quadrant 2. Data with no fluorochromes will appear in quadrant 3. Data with only green

fluorochromes will appear in quadrant 4.

Photomultiplier Tube

In order to detect the light that cells produce in a flow cytometer a photomultiplier tube is
used. A photomultiplier tube also known as a PMT is a photosensitive device with
extremely high sensitivity and response time [11]. The inner working of a PMT can be

seen in Figure 8.
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Figure 8. Inside of a Photomultiplier Tube [12]

PMT’s are used to capture photons and output a signal based on this premises. A PMT

works by light entering through a glass window and exciting electrons that are passed
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through the device by its power cable. Depending on the intensity of the photon a
number of electrons will be excited in the device [11]. The electrons will then travel
through the device and be amplified during travel by bouncing off the dynodes [11]. The
electrons are eventually collected and produce a voltage to be passed out of the PMT.
From here the signal is passed through a coaxial cable for examination. In some
applications the PMT can be paired with a preamplifier to further enhance the signal

given from the PMT.

A preamplifier, also known as a preamp, is a device that takes in a signal as an input and
amplifies that signal and passes it as an output. The preamp in this field will be taking
the voltages produced by the PMT and amplifying it before passing it on for data

processing.
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Objective

The goal of flow cytometry is for the user to be able to quickly diagnose diseases that
have an effect on cell shape and size. The reason flow cytometry has become an up and
coming development is because of the advantages that can come with this system. A
flow cytometer is able to process a tremendous amount of data in a short amount of time.
By adjusting the microfluidics of the system the user is able to collect up to 500 data
points per second. This allows the user to run a significant amount of data and use
statistical analysis to determine differences in cells. Some cytometers are able to process
cells and direct them to a specified bin according to fluorochromes of the cell [13]. The
cells can then go through further analysis if needed. Currently there are still problems
and limitations with flow cytometry. One of the first issues is the cost accompanied with
a cytometer. The cytometry machines can sometimes run upwards of $75,000 [13].
These machines also require a very qualified and trained technician. [13] Flow cytometry
is also limited by the requirements necessary to run a sample. Cells must be run through
the cytometer suspended in a fluid. This means that intact tissue architecture cannot be
analyzed in this method [13]. Cells that have similar fluorochrome expression can be
difficult to differentiate between. With current systems the high amount of data that pass

through the cytometer can make analysis complex.

Cytoflow hopes to create a customer based cytometer. This means that all aspects of the
machine will be customizable. A customer will be able to specify the wavelength of the
laser that they want to use to analyze the cells. They will also be able to choose the

wavelength of the fluorochromes they would like to look at. This will create a complete
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system that is created to meet the customer needs for their work. These customers could
be trying to analyze anything from the progression of AIDS in the blood to a reagent that
is added to an oil sample. This tool would be viable for looking at samples that need to

be run at a high throughput in a small amount of time.

The objective of this research is to help optimize the current Cytoflow cytometer. The
aspect reviewed in this document will focus on the optical setup of the system. This will
include the following components: laser, flow cell, forward scatter, and fluorescence
signal. This research should look into the possible and so far unexplained events causing
distortion of optical data. Improvements will be based on comparisons of Spherotech
Rainbow Calibration Particles. Calibration beads have a known size and a known
particle composition. The beads are expected to give off certain values in all detectors in
a cytometer. Research should help to resolve all data that is expected when using
calibrated bead testing. Cytoflow would like to hit the market with data that is
comparable to the top cytometers currently being produced. This is done by comparing
density plots of human blood to plots made by a preexisting device. This can be done by
matching cell populations that show up in the blood. If a cell is a different size or has a

different internal structure it will show up in a different position on the density plot.
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Design

The optical pathway of CytoFlow’s cytometer consists of six major components in the
assembly. The flow cell, forward scatter block, and optics truss were designed in house
and SLM 3D printed by a third party. The other three components will be OEM parts
which are the PMTSs, optics glass, and the laser. Below is the starting iteration of the
design work to create the CytoFlow cytometer. As seen in Figure 9 the first iteration of

the design was created.

Flow Cell

Forward
Scatter
Detector
Fluorescence Channel 1
Fluorescence Channel3
‘Detector
Side Scatter

ChannelDetector

Fluorescence Channel2

= LaserLight Path

Figure 9. First iteration design with light path in blue

The light path comes out of the laser at a height of 19mm. It then travels through the

flow cell hitting the capillary which the sample runs through. The cells are illuminated
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with light causing forward scatter and side scatter. These are picked up by the labeled
detectors. From there the light is passed along to the other channels and detectors using a
combination of dichroic mirrors. The wavelength of light that travels through each
channel is determined by the dichroic mirrors that are used to in front of each channel
path. The parts that make up the completed assembly will now be looked at in greater

detail.

Flow Cell

Before the cytometer could be created a flow chamber first had to be fashioned. This part
was created using SolidWorks and printed using a SLM 3D printer. The image of the
flow cell for this project can be seen below in Figure 10 and Figure 11.

Capillary

Laser Entrance

/ Forward
Scatter

Laser Exit

Sheath Fluid
Entrance B I

Sample
Entrance

Figure 10. Front view of flow cell
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Figure 11. Top view of flow cell

The center of the flow cell stands at 19mm tall. This was done because most standard
issued lasers have a beam exit of 19mm. This would allow for the flow cell and a
standard laser to be placed into the system without any special mounting. As stated
earlier the laser will enter the flow cell at the entrance. From here it will hit the sample
that is traveling up through the capillary. The laser will exit via the forward scatter and

side scatter exits.

Laser

In order for the laser to appropriately hit the capillary in the flow cell specific laser
properties were required. The beam had to have different focal lengths in the X and Y
axis. The laser was created to produce a Gaussian curve in the X plane. Much like that

seen in Figure 12.
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Figure 12. Gaussian curve of beam in X plane

This profile ensured that the entire width of the sample core was illuminated by the laser.
That way if a cell did not fall perfectly in line with the other but was still within the core
it would receive the full intensity of the laser. In the Y plane the laser was focused in at
the capillary. By focusing the laser at the capillary in the Y axis it ensured that only the

time of flight of one cell was analyzed at a time. This is displayed in Figure 13 below.
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Figure 13. Beam in Y plane with cells passing through

To think of it in another way the laser in the Y axis was focused tight enough that it could

go through the small gaps between cells. This allowed the system to know when it was
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hitting a cell and when it was hitting nothing. If the beam was to large in the Y axis it
would have the potential to hit two cells at once and this would create a false reading.
For these reasons the laser had properties of the following. The laser was focused on the
capillary in the Y direction, but focused before the capillary in the X direction. A laser
company called Blue Sky Research (BSR) was contracted to create such a laser for the

needs of CytoFlow. The laser profile they created can be seen below in image Figure 14.

Top Capillary Side Capillary
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Figure 14. BSR Laser projection from top and side view

In the image above the X axis focus can be seen on the left and the Y axis focus can be
seen on the right. The reasoning for focusing the beam early in the X direction is to
illuminate the entire capillary in the X axis as discussed earlier. To create this type of
focus Blue Sky Research used two cylindrical lenses mounted inside the laser head. If
the beam was to large in the Y direction the laser light could be in contact with two cells
at one time this would give false readings. Having a tight focus in the Y direction allows

the detectors to distinguish where one cell ends and another begins. The readings given
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by Blue Sky Research said that at a laser distance 30mm from the capillary the size of the
beam in the X direction will be 64um and 17.2um in the Y direction. Adjusting the face
of the laser to be 31mm would change the beam shape at the capillary to the image Figure

15.

Update Settings Print  Window Text Zoom Update Settings Print Window Text Zoom

Figure 15. BSR Laser projection at 31mm from capillary top view (left) and side view (right)

As shone if the laser was at 31mm it would cause the laser to deform in the X axis as seen
by the image on the left. It would also cause the laser to focus before the capillary in the
Y axis making for a larger laser that could give incorrect results. This caused a beam
shape of 94um in the X direction and 42um in the Y direction. While adjusting the face
of the laser to be 29mm would change the beam shape at the capillary the opposite

direction as seen in Figure 16.
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Figure 16. BSR Laser projection at 29mm from capillary top view (left) and side view (right)

Above is the opposite adjustment of the laser positioned at 31mm from the capillary.
Here the laser focuses to close to the capillary in the X axis. This causes the beam to be
much narrower and gives the chance for a partial illumination of a cell. If the laser
catches only the outer edge of the cell the intensity would be off yielding incorrect
results. In the Y direction is much the same scenario of a laser at 31mm. The Y axis of

the laser would be to large giving the chance of illuminating more than one cell at once.

A positioning of 29mm from the capillary caused a beam shape of 46um in the X
direction and 38um in the Y direction. The laser was very sensitive in its relation to the
capillary. The laser beam exit also stood about 6mm tall so a special mount had to be

created to place the beam in line with the flow cell.

Once the laser was added the resulting assembly looked like that of Figure 17.
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Figure 17. BSR Laser assembly with flow cell

Once the BSR laser was placed onto its mounting assembly this placed the laser at the
19mm height needed for correct assembly height. The mount allowed for easy
adjustment of the mount in the case that the laser needed to be moved in the X and Z

planes. This mount also allowed for other integrations of lasers if needed.

Forward Scatter

Placed inside the flow cell at the forward exit is a focusing lens. This lens is used to help
collimate the light that comes off the cells in the capillary. The forward scatter lens is a
double-convex lens purchased from Edmund Optics. It has an effective focal length of
9.00mm. Further specs can be seen in A. The beam is focused and would hit the
capillary at the focal point discussed earlier. Then travel onto the detector. When the



cells were hit by the laser it would look like
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Figure 18.
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Figure 18. Beam shape passing through a cell
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The laser traveling through the cell above causes the properties and direction of the light

to change. This change is known as deflection. The forward scatter diode aims to detect

this light.

However, with the beam fully entering the forward scatter diode signal, the slight

variation of light caused by the cell cannot be seen. The detector would be oversaturated

with light and the small deflection of light caused by the cells would be indistinguishable.
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This problem was combated by implementing a cylinder to effectively block the
concentrated light of the laser but allow the light refracted off the cell to pass by and

reach the detector. Figure 19 shows how this beam blocker would function.

Beam
Blocker

Figure 19. Beam shape passing through cell with beam blocker incorporated

The cylinder or green circle in this image is used to block the concentrated, middle rays,
in this image. This allows the faint deflected light to be distinguishable from the noise or
background light created by the laser. When a cell is not passing through the light no
deflection would occur. This would cause the full intensity of the beam to hit the beam

blocker.

A block was created to hold the forward scatter detector as well as the beam blocker. The

component can be seen in Figure 20.
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Figure 20. Forward scatter block

This forward scatter block had a cylinder that could be inserted into it. This acted as the
beam blocker. The long cylinder protruding from the block was used to encapsulate the
flow cell laser exit. The aim of this was to reduce the amount of environmental light that
could enter the forward scatter block. The forward scatter block was then added to the

assembly as seen in Figure 21.

Figure 21. Forward scatter assembly
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This assembly shows the necessities that were needed to complete the forward scatter
aspect of the project. Light that was projected from the laser hit the capillary in the flow

cell and was collected into the forward scatter block.

Side Scatter

Next the assembly for the side scatter was created. A lens was placed into the flow cell at
the side scatter exit. The side scatter lens would be used to best collimate the beam. This
lens was threaded into the flow cell to allow for minor adjustments of depth in relation to
the capillary. The focal length of the lens was 3.1mm. Specification for this lens can be
seen in Appendix B. Full collimation however would not be possible because the focal
point of the X and Y axis of the beam do not focus at the same point, as discussed earlier.
This means that the beam exiting the side scatter lens would create an ellipse. It would
be possible to fully collimate the light but this would require two lenses with different

focal lengths in the X and Y direction.

A focal mirror was also inserted into the flow cell to reflect light back that came off in the
opposite direction of the side scatter. The goal of this mirror was to increase the side
scatter intensity light. This mirror was glued into the cavity on the side of the flow cell.
All the side scatter light is passed through the optics truss, which was created using SLM
3D printing. This truss contains dichroic mirrors, filters, and focusing lenses. The

resulting truss skeleton looked like that seen in Figure 22.
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Figure 22. Optics truss skeleton without holders

The truss was created to hold all of the components for the side scatter and fluorescence
detection system. Work went into this truss to ensure that all the geometries were correct
for the light traveling through the truss. All the mirrors were placed at 45 degree angles
to one another to ensure that the light approach the mirror perpendicular to its exit.
Channels were also shifted to account for the thickness of the mirror being placed in front
of the channel. This shift was calculated using the second law of refraction. This states
that light passing through a medium at an angle will shift laterally from entrance to exit
of that medium. The distance between the focusing lenses and pinholes was also
carefully looked into, which will be talked about in more detail later. This was to ensure
that the small adjustments of the lenses could create a light path that would pass through
the small pinhole fixtures. Once the skeleton of the truss was created it was populated

with the dichroic mirror, filter, and focusing lens holders.
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The dichroic mirror holders are responsible for holding the dichroic mirrors in place. The
design of the holder and location that they are inserted into the truss are seen in Figure

23.

Figure 23. Dichroic mirror holders

The mirrors were then pushed into their holders. The holder is built in such a way that it
will flex to allow the mirrors to be inserted, then push the mirror flush to the face of the
holder. This is to ensure that the mirrors are placed into the holder correctly and make
sure they are aligned at a 45 degree angle. The type of mirror that was added into the
truss was different depending on the FL channel that it was in front of. This was to

collect different wavelengths for each channel.
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Filter holders were then placed behind these mirrors. These would be used to hold filters
that would help to eliminate more unwanted wavelength light in the channel. These can

be seen below in Figure 24.

Figure 24. Filter holders

The filters were also pressed into the holder from the top much like the mirror holders.
These holders allowed filters to be placed into the truss system. Once the filters were
pushed into place they pressed firmly against the back of the filter to hold it flush against

the front surface.

Focusing lens holders were then placed into the truss. These are threaded and allowed the
focusing lens to be moved in and out of the holder changing the focal length of the lens

depending on its position in the holder seen below in Figure 25.
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Figure 25. Focusing lens holders

The lenses for this were threaded into the truss. The focal length of the lenses was used

in determining how far the lens should be from the pinhole.

Pinholes were then added to the truss. These pinholes were used to reduce the amount of
environmental light that could be passed into the detector. The pinholes were also used
as a way to set the focusing lenses for the FL channels. The laser light should be able to
pass through the pinhole without being hit by the light. They can be seen below in Figure

26.
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Figure 26. Pinholes

The pinholes were designed to give a clean light shape entering into the PMT. The front
of them gave a sharp circle while the back had a cone taken out of it leading up to the

circle. This allowed for light that passed through the circle to not hit the pinhole because
of its thickness. This also allowed for the removal of less material if the pinholes needed

to be given a larger diameter.

Finally, PMT mounts were placed into the assembly. These mounts created a surface that

the PMT’s could sit on and be bolted to. The PMT holders can be seen in Figure 27.
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Figure 27. PMT mounts

The PMT mounts had holes that allowed for screws to be threaded into the PMT that sat
behind it. These also had a feature that protruded from the back side. The allowed for
the mount to sit somewhat inside the window of the PMT. The aim of this was to reduce

environmental light entering into the PMT.

Dichroic Mirror

The dichroic mirrors are then placed into the mirror holders. These are responsible for
directing the light down the correct channel. All the dichroics are 15x17mm with a
thickness ranging from 1mm to 2mm. These dichroic mirrors were purchased from
Chroma Technology Corporation. The table below, Table 2, shows the breakdown of the

short-pass dichroic mirrors that were placed in each channel.



Table 2. Dichroic mirror type and position
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Dichroic Mirror

Fluorescence Channel

Mirror Type

Side Scatter

500nm short-pass

FL1 565nm short-pass
FL2 615nm short-pass
FL3 745nm short-pass

If different wavelengths of light were needed in each channel these could also be replaced

to capture wavelengths that were needed. For spec sheets on the dichroic mirrors please

refer to Appendix C.

Filter

The filters were then loaded into the filter holders. These are responsible for cutting

down excess light that passed through the dichroic mirrors. All of the filters have a

diameter of 12.5mm with a thickness of Imm. The filters were purchased from Chroma

Technology Corporation. Table 3 below shows which filters were placed into which

corresponding channel.




Table 3. Filter types and position
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Filter

Fluorescence Channel

Filter Type

Side Scatter 488nm £ 5nm
FL1 525nm + 25nm
FL2 595nm + 25nm
FL3 685nm £ 35nm

The filters could also be changed to match certain wavelengths needed in that channel.

Please see D for specifications on the filters.

Focusing Lens

Finally, the focusing lenses that were used to focus the light on the PMT detector were

inserted into the truss. The lens was purchased through ThorLabs and is seen below in

Figure 28.

Figure 28. Optics truss focusing lens
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The threaded design of the lens and the holder allowed for the lens to be adjusted in very
minute amounts. Using the feature allowed for adjustments of the focal depth that the

PMT would see. For further specs of the focusing lens please see E.

Forward Scatter Diode

The detector that was used to detect forward scatter was a diode. The forward scatter
diode is an electronic board that has a diode located on it. The light would hit the diode
and be processed by the electronic board it is connected to it. The board takes in the light
from forward scatter, amplifies it, and processes it to be passed onto the software

package. This board was created by Terry Boyd a contract worker for CytoFlow.

PMT

The particular PMT used in this project is the H9305-02 version made by Hamamatsu.
This PMT offers a gain of 10e(7) and has a working wavelength range of 185nm to
750nm. This offers an optimal range for all wavelengths that the CytoFlow device is
expected to see. Alternate PMT’s were used in this project for early testing due to
availability and time constraints. Further specifications for H9305-02 PMT can be seen

inF.

Preamp
For further amplification of the signal seen by the PMT a preamp was used. These
preamp boards were created by Terry Boyd of in2being. The preamp boards contained

power for the PMT as well as amplification of the PMT signal. The boards were
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designed to be able to adjust the amplification in two different ways. A resistor could be
changed on the board which could allow for more or less sensitivity. A potentiometer
was also place on the boards. This was a screw that allowed the amplification to be

changed with a much smaller range than changing the resistor.
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Setting up the Machine (Alignment)

Alignment of the laser light pathway is very crucial to the results that the cytometer will
produce. Various different steps were used to ensure that the cytometer was aligned
properly. Installation was done in much the same order as the light travels through the
machine. The flow cell was first placed into position on the ground plate of the

cytometer.

Forward Scatter

First the forward scatter assembly was created and put into place this included the laser,
the flow cell, and the forward scatter block. As mentioned previously the laser had to be
placed 30mm from the capillary. Once this was done the perpendicular alignment of the
laser to the capillary had to be adjusted. By looking at the projection caused by the laser
passing through the capillary and projecting both onto the forward scatter lens and the
projection on a wall the laser was aligned. This was done by looking at both the forward
scatter lens and wall projection. Once the projection was symmetrical on both the X and

Y axis, as seen in Figure 29, the laser was bolted into place.
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Figure 29. Laser going through capillary

As seen the projection of the laser created a profile. This profile is symmetrical across
both the X and Y axes. Once this profile was seen it was known that the laser was hitting

the center of the capillary.

A piece of electrical tape was used to create the beam blocker for this iteration. Using the
projection created on the wall the tape was positioned and cut until the laser light was
mostly covered and only an aura of bouncing light was projected onto the wall. The

result of the beam blocker can be seen in Figure 30.
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Figure 30. Laser going through capillary and hitting beam blocker

The new projection was to look like that seen in the image above. By covering most of
the projection of the laser it would be easier for the detector to determine the deflection of
light off the cells. Once forward scatter alignment was correct the truss was populated
with dichroics, filters, and focusing lenses so that side scatter alignment could

commence.

Side Scatter

In order to align side scatter the forward scatter alignment first had to be optimal. Once
this was completed the truss was aligned off the side of the flow cell. Fluorescein dye
emitting in the yellow wavelength when excited by a 488 light wavelength was used to
help with this position. The fluorescein light that came off the side scatter was so intense

that it could be seen propagating through the truss. The truss was then manipulated in
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such a way that when the light passed through the dichroics, filters, and out the pinholes
which created a circle when passing through correctly. Once this was completed the truss

was bolted into place and the PMT’s were placed onto the truss.

Data Optimization

Once alignment of the system was optimal the system could be evaluated by looking at
the data it produced. This was done by looking at key statistics the software produced
based off data recordings. To create these data recordings beads purchased from
Spherotech were used. Specs can be seen in Appendix G. These beads have known size
and color. As all data is known about the beads the software should produce the expected
values when bead data is run through the machine. When looking at these beads FSC is
expected to create one slim peak. This is because all the beads are the same size. The
fluorescent channels shall report back 8 peaks. This is because the beads are made up of
8 different populations of beads each with its own percentage of fluorescent marker. The
image below Figure 31 shows some of the statistics used to determine if a machine is

performing correctly.
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Figure 31. Forward scatter software data

The image is taken from a software analysis tool. This tool was used to look at the
forward scatter channel of a cytometer and produce statistics based off the data points
seen.

The key statistics used over the period of testing were used to look at the intensity of the
signal, which refers to the location on the X axis, and the control variance (CV) of the
peaks. If the intensity of the signal is high it will produce data higher up on the X axis,
while if it is low it will produce data lower on the X axis. The CV is a percentage that is
essentially the repeatability of a data point. If the machine is optimized it will have a low
CV percentage. Meaning the peak the bead produces will land at the same intensity
every time. If a CV is high it means that the bead has differing intensities which implies
that the repeatability of the reading is low. Below is an image of a good CV and a bad

CV in Figure 32.
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Figure 32. Screenshots of forward scatter data CV of 3.4% (left) CV of 5.5% (right)

Both of these images were taken from the same machine and looked at the forward
scatter channel. The image on the left represents a peak with good CV of 3.4%. While,
the image on the right represents a bad CV of 5.5%. This means that the machine that

created the image on the left produced better results by having a greater reproducibility of
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each cell signal. The change in the two readings was created by adjusting the position of

the optics.
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[teration 1 Data

In order to produce known results 8 peak beads purchased from Spherotech were used to
collect data on the machine. These beads act as markers to produce 8 different intensities
of light. They range from a bead that has no marker in it to a bead that has a high
percentage of marker in it. There are a total of 8 different bead populations in a vial
containing these beads. Each bead correlated to a different intensity when hit with light.
These 8 different particles produce different voltages in the PMTs thus creating 8

different peaks in the software.

This iteration of the machine served mainly as a proof of concept that data could be
collected in this manner. Once data was able to be seen to ensure that data was coming

through all the channels optimization and peak resolution became the aim of the project.

Iteration 1 Flaws

The first areas to be optimized after viewing the data produced by the initial iteration
were: laser choices, correcting dichroics/filters, and optimizing the side scatter lens. As
seen by some issues with the data it appeared that there was a problem with how the
beads were passing through the laser light. Light pathway issues were likely caused by
off the shelf dichroics and filters. It was possible that creating custom optimized
dichroics and mirror could help to reduce the amount of noise in the bead signals and
help to create better data signal. Since the side scatter light could not be collimated again
with the current setup it was not clear where the focal length of the lens to capillary

should be placed.
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Machine Comparison

To continue on the proof of concept experimentation, a test was conducted to compare a
working system to CytoFlow’s system. For reference the old system is known as
“Yahoo” and the system CytoFlow is using is known as “Azurite”. This experiment was
completed using the software of the Yahoo system as well as the PMT that worked with

it.

Objective of machine comparison

The goal of this experiment was to examine how the FL channels were affected by the
different set up constraints: the collection PMT and supporting electronics, and the
position of the PMT. The Yahoo system was used in this experiment as a benchmark to
compare against the Azurite system. Various positions of the PMT were compared to

determine if signal degradation was related to the collection optics.

Results of machine comparison

First, baseline readings were taken directly off the flow cell collection optics. This
position represents the best possible fluorescent signal from the current flow cell and
laser. This was accomplished by the setup seen in Figure 33 below. This experiment was

done using the FL2 filter placed in front of the PMT.
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Figure 33. Baseline flow cell data collection

The first experiment was to look at the difference in intensity produced by adding a side
scatter mirror. Data was collected with and without the mirror installed. This was done
to see if the mirror was helping or hurting data collection. The results can be seen below
in Figure 34 and Figure 35. To create this data the 8 peak beads were used. If the optics

were producing optimal results 8 peaks would be seen in the software.

B0Z2 after laser adjust BOZ after laser adjust BOZ atter laser adjust

o _Gate: M1 o _Gate: M1 % Gate: 1

o = % g

= 27 3 I

= | = % g
e ¥ L ¥ < 7 —
a ) o4 e
[=] [x] e

= l =4 RE -

= ' | a ‘ 3

= T TUTTRC T T T T = TTTIINT TTITI T ad T T T T I.gl T

wl o w3 Wt Wb W T2 wl wd ad ot W8 W TR 2.5 a1
FL1-H FLA-A FSC-A

Figure 34. Baseline readings without the mirror
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Without the mirror the top peaks intensity can be seen. This data is looked at using the

PMT situated just off the flow cell.
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Figure 35. Reading with mirror in place

As seen compared to the baseline the intensity of the signal increased when the mirror
was put into place. This showed that the mirror was helping the system by increasing the

intensity.

Once the data had been collected the complete cytoflow setup was put back in place. The
truss was manipulated until the top PMT performance was achieved. A series of
experiments were completed to analyze the optics of the truss and how data collection
was affected by different variables. The first test was completed by placing the Yahoo

PMT in the FL2 location with FL2 filters in place. The results can be found in Figure 36.
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Figure 36. FL2 Location FL2 Filters

The above images show FL2 data taken off the Yahoo PMT and software. This gives

about 7 peaks of the 8 that should seen.

The same method was then used to collect data from the FL1 location with the FL1

filters. The resulting data can be seen in Figure 37.
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Figure 37. FL1 Location FL1 Filters

In FL1 only 6 of the 8 expected peaks could be seen on the Yahoo PMT and software.

Then different setups were analyzed and data was collected, the readings were taken by

moving the PMT, the filters, and the dichroic that accompany the correct FL readings.
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Since the truss was moved in this process, new baseline readings were taken followed by

the experimental data collection. The baseline recordings can be seen in Figure 38.
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Figure 38. Baseline FL2

Baseline recordings had to be taken off the Yahoo system. The setup yielded 6 peaks on

the Yahoo software.

Conclusion

The addition of the side mirror in the flow cell helped to increase the signal that was seen
in fluorescent channel 2. This conclusion is illustrated in the comparison between Figure
34 and Figure 35. It was also found that the current optics truss is capable of producing
results that are comparable to the results seen when FL data is collected right off the side
of the flow cell. This means that with the experiments conducted the optics truss did not
degrade the flow cell side signal. In this experiment it was not known if the H9305-02
and H9307-05 PMT’s on each software setup were comparable. It could not be said at
the time if the PMT or software was causing the change in readings when looking at

Yahoo or Azurite. Mark Naivar, of DarklingX, had stated previously that the PMT being



used with the Yahoo system is more sensitive to the wavelengths being viewed. This

would account for poorer resolution of 8 peaks in the system.
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PMT Testing

Once a new PMT of the same version that was used in the Yahoo experiment was
installed, data was collected that compared the two PMTs. The below image is of the
H9307-05 PMT that was in use in the Azurite system. The FL2 channel is seen in Figure

39 below. This data was also collected using 8 peak beads.
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Figure 39. 8 peak data taken from FL2 on H9307-05 PMT

Using the H9307-05 five distinct peaks can be seen. Three more peaks still had to be

resolved to produce the expected bead populations.

The new PMT that was previously used in the Yahoo setup was then placed on FL2 and

the data was recorded. This is PMT H9305-02, the data can be seen below in Figure 40.
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Figure 40. 8 peak data taken from FL2 on H9305-02 PMT

In this image it is clear that 6 distinct peaks can be seen. This is still not the full 8 peak

resolution that is needed but it produced one additional peak than the PMT before it.

Simply by comparing the two data images it can be seen that the H9305-02 PMT was
able to resolve another peak in the data. This shows that the Azurite system is not
optimized based on the correct PMT to use. Two of these PMT’s were acquired and
installed into the Azurite system. These 2 PMT’s were placed at FL1 and FL2. As SCC
did not need as much resolution the H9307-05 PMT was placed there as none of the other

PMT’s were available and they had a long lead time associated with them.
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Data Resolution Testing

Further experimentation was done using the Yahoo software. As this system is a 24-bit
system it has more room for data to be stored on the X axis. The Azurite system is only
12-bits which causes less resolution. If 8 peaks were able to be accomplished using the
Yahoo system that would then verify that all 8 peaks could be obtained using our optics
setup. The data was collected off of FL2 because at this point it gave us the best
resolution. Only 1 FL channel was able to be recorded because only 1 PMT was able to
be integrated with the Yahoo system. An 8 peak bead was run and the resulting data can

be seen in Figure 41 below.
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Figure 41. 8 peak data taken from FL2 on Yahoo system

The data seen above is FL2 taken off the Yahoo system. This concluded that the truss
and all optics were working correctly as all 8 peaks could be seen in this file. This also
showed that the reason all 8 peaks couldn't be seen thus far was related to software.

Much work would then have to go into making the data look like this on the Azurite
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software. This would be done by cleaning up all noise in the system and optimizing all

components.

[teration 2 Experiments
This iteration of the optics assembly looked to combat some of the problems seen with
the first build. Experiments included laser shape testing, changing of optical filters, and

side scatter lens testing.

Laser Shape Testing of iteration 2

It was a thought that the waist shape of the laser could be at question with the current
system. Results of the testing were based off the CV’s, peak resolution, and intensities of
the light seen by the detectors. The experiment was conducted by first recording a
baseline then using different size convex planar lenses the signals of each detector was
analyzed. The baseline data for this experiment is seen below. The data is looked at by
FSC, FL1, and FL2 respectively these images can be seen in Appendix H. This data
created a starter for the other testing to be compared to. The signals in the baseline gave

a good reading for forward scatter, 4 peaks in FL1, and 5 peaks in FL2.

Once the baseline control sample was taken, the shape of the beam could then be changed
for testing. This was done by placing the plano convex lens in front of the laser. Doing
this caused the beam waist in the X direction to be wider. The first lens tested had a focal
length of 100mm. The results are seen in the FSC, FL1, and FL2 respectively these

images can be seen in Appendix H. These results created a decent looking forward
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scatter if the excess noise was ignored. It did however reduce FL1 to 2 peak and FL2 to 3

peaks.

The same experiment was then done using a lens with a 200mm focal length. The results
are seen with FSC, FL1, and FL2 respectively these images can be seen in Appendix H.
This setup also created decent forward scatter if the noise was ignored. However, it also

decreased the peaks seen in the fluorescent channels to 1 peak in FL1 and 3 peaks in FL2.

The CV’s and intensities did not need to be analyzed for this experiment because less
peaks were seen in this data, meaning no matter what the data was not as good. A quick
look at the reduction in peaks seen in each channel revealed that changing the beam
shape did not help the system. However the validity of this experiment was called into
question due to human error. This experiment was completed by roughly lining up the
lens with the laser. If the lens was not lined up perfectly to where the laser passed
through the center line of the lens that would cause the beam to shift left or right which
could cause the beam to miss the center of the capillary. Further exploration would go

into this topic to be discussed in redesign 2.

Optics Filtering of iteration 2

New customized filters and dichroics were ordered for the new iteration of the device.
The results were examined by looking at the CV’s and peak separation in the data. The
baseline of the machine with the original filters and dichroics can be seen below in Figure

42.
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Figure 42. Baseline of optics FSC (left) FL1 (right)

This data shows a good looking forward scatter on the left with about 5 peaks seen in the
FL1 channel. At this point more peaks still needed to be resolved and the peaks needed
to have a better separation so they did not interfere with one another. The new optical

pieces were then placed into the optics truss and new data was collected. This data can

be seen below in Figure 43.
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Figure 43. New optics FSC (left) FL1 (right)

This image shows a forward scatter that is roughly the same as the baseline. This is good
as nothing in forward scatter was changed allowing for a comparison between the

baseline and the new data. As seen in the fluorescent channel on the right the peaks were



59

better separated than the baseline. It is clear that the two peaks that were touching in the
baseline started to separate slightly from one another. The new dichroics also helped to
lower some of the CV’s of the peaks. This shows that with the installation of the new

dichroics came better data results.

Side Scatter Testing of iteration 2

Once the fluorescent signals were as optimized as they could be, a new test took place to
look at optimization of the laser light traveling through the truss. As mentioned
previously, the light traveling through the truss could not be collimated. This experiment
aimed to find an optimal depth for the side scatter lens. The side scatter lens was first
positioned in such a way that it gave some data. The experiment recorded data of when
the threaded lens was tightened into the flow cell and when it was in a loose position.
This would show how large of an effect positioning of the lens had on the fluorescent
channels. Two positions were created and the data was recorded. The lens was only
tightened a quarter of a turn to see how large a difference this would make in the data.

The resulting plots came from FL2 and are seen below in Figure 44 and Figure 45.
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Figure 44. FL2 with a loosened side scatter focus lens

This image was captured off of FL2. In this screen capture the side scatter focal lens was
loosened meaning it was positioned farther away from the capillary. There is no way to
measure the distance between the capillary and the lens but theoretically moving it farther
away from the capillary will cause the focal point to fall between the lens and the
capillary. It can be seen that there are roughly 6 peaks in the image with bad separation

and bad CVs.
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Figure 45. FL2 with a tight side scatter focus lens (Screen capture)

In this image the side scatter lens was tightened, meaning the capillary was closer to the
focal length of the lens. It can be seen in this image that again 6 peaks were produced.
However, the peaks present in this data are better separated than the peaks produced by

the loosened side scatter lens.

By looking at the data it is apparent that a small change in the side scatter lens has a large
impact on the signal seen in the fluorescence. When comparing the two it can be seen
that the intensity changes drastically causing the signal to fall of the right side of the X
axis. This proved that a unique position was needed for the side scatter mirror to give the

best data.
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Redesign 2

The truss was redesigned to reduce the amount of space that the assembly took. Another
benefit of reducing the truss size meant that the light had to travel shorter distances to
reach the detectors. By having a shorter light path, small variations in positioning of the
optics would have a less dramatic effect on the system. The new truss design can be seen

below in Figure 46.

Figure 46. Complete assembly of new alignment optics
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Seen above, the biggest shift was that the PMT’s were changed from a horizontal position
to a vertical position. This allowed each channel to be closer to the other. The new
design effectively reduced the distance the light had to travel by 50%. A tube was also
added to reduce the possibility of environmental light entering through the side scatter
position. Other than these changes all other properties of the assembly were kept the

same this far into the build.

New Laser Alignment

There were still some issues occurring with the current laser for this build. Another
aspect of the rebuild was to see if increasing the intensity of the laser beam would
increase the resolution of the 8 peak bead data. The current laser could not change power
so a new laser was purchased through Coherent. This laser produced a collimated beam
unlike the previous laser. In order to create a beam with a shape that was wanted new
optics had to be placed in front of the beam. The new piece of the assembly was created

and can be seen below in Figure 47.
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Figure 47. Beam shaper for collimated laser

This new part allowed for two lenses to be inserted into it. One through the top and one
through the side. Doing so created a beam with the correct waist line at the capillary. A
200mm focal length plano convex lens was placed in through the side to create the

necessary Y axis beam waist. Specifications for this lens can be seen in Appendix |.

A 40mm focal length was placed through the top to create the necessary X axis beam
waist. Specifications can be seen for this in Appendix J. This component was placed
directly in front of the new Coherent laser. A new optics lens also had to be placed into
the entrance of the flow cell. This new lens was used to focus the waist line of the beam
onto the capillary. This lens was purchased from Edmunds Optics and had a focal length
of 8mm. Specs for the piece can be seen in Appendix K. Testing was then done to view
the new signal as well as look at the data with different laser powers. The new laser

alignment system was then compared to the previous data recording. The focus of this
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experiment was to see if this had an effect on the CV of forward scatter. Below is an

image comparing the data of forward scatter before and after the new laser seen in Figure

48.
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Figure 48. Laser alignment with beam shaper CV 3.94% (left) vs BSR into capillary CV 5.72%
(right)

The new laser did create a better forward scatter CV. The new laser produced a CV of

3.94% while the old laser system had a CV 5.72%. This tighter CV also created tighter

CV’s in the fluorescent channels as well.

With the new laser, testing to look at the difference in bead signal with different laser
powers could be performed. Below are two images comparing a 15mW laser, Figure 49,

to a 40mW laser seen in Figure 50.
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Figure 49. FL2 data resolution with 15mW laser

The above image shows data taken from FL2 with a 15mW laser. As seen there are 5
distinguishable peaks with the last 3 being bunched together on the low end of the axis.

The laser was then powered on at 40mW and another screen capture was taken.
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Figure 50. FL2 data resolution with 40mW laser

This image shows roughly 6 peaks in the image with the 7th and 8th peak off the scale to

the right on the FL2 channel.

The positioning of each of the peaks are labeled in the two images above. In Figure 49
the top peaks can be seen but peaks 1-3 are clumped into a pile together toward the
bottom. However, in Figure 50 the bottom 3 peaks start to separate and create their own
peaks. This does however come with knocking the top peaks of the right of the X axis.
As observed the higher power laser creates a greater intensity of signal. This was
successful in showing that all 8 peaks could be resolved with the correct laser power and

preamp settings.
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Bluestone Software

To help with the resolution of the system new software was introduced. This software
allowed the system to be moved from a 12-bit system to an 18-bit system. This
improvement was to help with peak resolution and give a larger X axis range on the plots
produced. As seen below in Figure 51 this new system allowed for the first complete

resolution of 8 peak beads.
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Figure 51. Bluestone data resolution of FSC (left), FL1 (middle), and FL2 (right)

Data was taken from the Bluestone system was able to produce adequate results. All
images have low CVs and good separation in the peaks. All 8 peaks can be seen in FL1

and FL2 using this new software.

This system finally gave data that could be presentable and mark the cytometer as a
working device. However there was still an issue with the data. All 8 peaks are resolved
in the two fluorescent channels above, but this could only be completed by moving the
top peak and the bottom peak to the ends of the X axis. As seen in the images above the

bottom peaks can hardly be seen as they are pushed off the plots.

5 _:‘
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Refinement of the Assembly
After implementing changes to the design to produce better data from the assembly a

final design was created. The final assembly looks like the image seen below in Figure

52.

Figure 52. Final optics alignment assembly

The completed assembly was changed for production of the prototypes. These changes
aimed to decrease tolerances in the assembly, decrease environmental light noise, and
increase data signal. The first addition was the addition of a convex focal mirror added to

the flow cell. The assembly looks like that seen below in Figure 53.
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Figure 53. Focal mirror assembly attached to flow cell

A focal mirror was press fit into the green piece and glued in place. The grey piece was
then placed over the flow cell and glued in place as well. As both the green and grey
piece are threaded this allowed for the focal mirror to be placed at any focal range within
the target area. This addition of the mirror helped to add intensity of the signal seen in

the fluorescent channels.
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The alignment skeleton was added to help align all pieces in place. The pink skeleton

was placed down and all other components were added.

A rough surface was added where light had been previously seen hitting the wall of the

truss. The locations can be seen below in Figure 54.

Figure 54. Zoom of light baffles

These surfaces were added to all four channels in the same location. This helped to
reduce some of the back reflection that was noted in previous designs. The light will hit

the angled surfaces and deflect into the back of the surface in front of it. The thickness of
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all the walls of the truss were also doubled to help reduce environmental light from

passing through.

The side scatter entrance tube was also made to reduce environmental light from entering

it. As seen below in Figure 55 sharp holes were made for the light to pass through.

Figure 55. Optics truss light inlet

As seen above the purpose of this feature is to reduce stray light from traveling down the
barrel. It is built in much the same way as the pinholes. The front edge is a circle and

tapers outward as it travels along the depth.

The lid that goes over the top of the truss is also integrated to close off this opening.

Figure 56 shows how the lid integrates with the truss.
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Figure 56. Lid integration with optics truss at light inlet

The lid is used to close off the truss from outside light. This design allows the truss to be
easily painted on the inside with a non-reflective coating. This coating ensures that stray

light does not continue to bounce around and cause noise in the detectors.
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Complete Final Assembly

Figure 57. Completed assembly of CytoFlow optics

This is the completed assembly that has gone into the protoypes CytoFlow has produced.

It is an isometric view of all components used in the final assembly.

Actual photos of the device can be seen in L.

Conclusion and Recommendations
The current CytoFlow optics system is operational and is able to collect data as well as
other similar devices on the market. Some work will still need to be completed to

optimize the device further for manufacturing purposes.
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Future Electronics

The current electronics for the optics division of CytoFlow involves a preamp as well as
an electronic board that the preamp signal runs too. The components are currently
separate components that are inserted into the device. It would decrease cost as well as
reduce clutter to combine these two components into one board. One caution of doing
this would to still ensure that the cable length going from the PMTs to the preamps does
not cause signal degradation. Doing this would also allow for software control of the
potentiometers found on the preamps. Creation of a single board would also reduce cost

for mass manufacturing of the device.

Future Laser

More work will need to go into the laser design for the CytoFlow device. Current
systems use a blue 488nm laser in conjunction with a red 560nm laser. A laser that has
both these wavelengths has been produced by Blue Sky Research for integration within
Cytoflow’s device. Current work on this topic is geared toward making an electronic
board that can drive both the lasers. The lasers will be modulated so that the system is
able to pick up and sort the signal from the two different colors. Work on the software
side of the device is also being implemented so that the correct laser signal is sorted into

the correct charts.

Future Manufacturing

If CytoFlow decides to move away from mass 3D printing of the truss work will need to
be done to change the design. Currently there is no other way to create the structure of
the truss. To produce a truss that is machined or molded the truss will need to be broken

into separate pieces. Doing this would allow the truss to be operated on in all axis. This
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would most likely involve removing a section of the fluorescent channels that is then

assembled to create the optics assembly.

Future of the Device

The finished product will be a device that can be used for clinical applications specific
for what the company is looking for. The device will be able to run blood samples and be
tuned to what one expects the outcomes to be. There is also room for modification where
seen fit. Some companies will want different laser wavelengths as well as multiple
wavelengths. These systems will be used to analyze the cells at question and help to

improve the world.

This device is aimed at use for clinical as well as research applications. The hopes are to
be able to use the device to look at all biological cells that current cytometers are able to
view. A specific area where this device is applicable is for AIDS testing in Africa. The
device is portable so it can be transported by vehicle and could run off a car battery.
Allowing researchers to track AIDS development in Africa. The device is also making
way with a company who looks at oil purities. By running this companies chemical in oil
concentrations it will be able to look at the fluorescence and show the purities of the oil.
In all this device is to be used as a diagnostic tool in areas where high throughput and

statistical means are needed.
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A. Forward Scatter Focus Lens

Attached in this appendix is the lens that is used in the flow cell to collimate the beam
upon exiting the flow cell. This lens is used to make sure that a collimated beam is

passed onto the forward scatter detector as well as ensure the beam blocker is only
blocking what it needs to.

79
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B. Side Scatter Focus Lens
This Appendix contains information on the side scatter lens. This lens is used to focus
and collimate the light that exits out of the flow cell orthogonal to the forward scatter.

This lens is used as a means of focusing light that is coming off the capillary and passing
it to the side scatter and fluorescent channels.
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C. Fluorescence Dichroic Mirrors
This Appendix contains the specification of the dichroic mirrors used in the optics truss.

These dichroic mirrors were purchased from CHROMA. The images below show the
CHROMA specs for transmission.
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D. Fluorescence Filters

This Appendix contains the specifications of the filters used in the optics truss. These
filters were purchased from CHROMA.
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E. Optics Truss Focus Lens

This Appendix contains specifications of the focal lenses used in the optical truss. These
lenses are used to focus light traveling through the side scatter and fluorescent channels
into the PMT. These can be used to adjust where the focal point of the light in the
channel is, increasing and decreasing signal seen by the detector.
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F. Hamamatsu Photomultiplier Tube
This Appendix contains specifications of the Hamamatsu photomultiplier tube. The
H9305-02 is the PMT that is used in all channels on the optics truss.
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Compact Side-on PMT

Photosensor Modules H9305 Series

IPruduct Variations
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The HOZ0E series photesensor modules contain a high-voltage power supply
circuit and a 13-mm (1/2") diameter side-on photomultiplier tube in a compact
aluminum houwsing. The 13-mm {1/2") side-on photomultiplier tube has a
reflaction mode photocathode that delivers high quantum efficiency at
wavelengths above 800 nm, an adequate gain of up to 107 and fast time
response. High 5/M ratic can be obtained even whan measurnng extremely

lowe lewel light at high speeds.

The HS205 series uses a Cockcroft-Waltom circuit with low  power
consumption. Flexible cables are used for easy installation in equipment.

Type No. Spectral Response Features
HO305-01 185 nm to 750 nm | High sensitivity in UV to visible range
HE205-02 185 nm to 900 nm | For general applications in UV to near IR range
HO305-03 185 nm to 900 nm | High sensitivity in UV to near IR range
HO305-04 185 nm to 830 nm | Low dark current in UV to near IR range
H3305-05 185 nmi to 650 nm | For general applications in UV to visible rangs

This product cant be used at vacuum envircnment or reduced pressurs emvironment. Please pay attention when the HR305 series is used for

mieasuring the light below 130 nm.

ISpeciﬁcatiﬂns

(at +25 “C)
Parameter H9305 Series Uniit

Suffix 01 -0z -03 04 05 —
Input Voltage +115t0+155 W
Max. Input Violtage +18 W
Max. Input Currant 7 mA
Max. Output Signal Current 10 LA
Max. Confrol Voltage +1.2 {Input impedance: 1 ML) W
Recommendad Control VoRage Adjustment Range +025t0+1.0 W
Effective Area 3.7 x13.0 T
Peak Sensitivity Wavelangth 420 400 450 530 340 mirm

I Min. 20 200 350 140 20 LA
3 Typ. 120 300 500 200 40 )
-FG_, Blue Sensitivity Index (TS5 5-58) | Typ. 10 — — — 5 —
& [ Red/White Ratio Tvp. — 0.3 0.4 0.15 — —

Radiant Sensitivity *! Typ. 50 77 105 70 48 mAMW

Luminous Sensitivity *2 — 100 400 1000 300 =0 Adm
2 Tvp. 700 1200 2000 700 300
2 | Radiant Sensitivity *1 *2 Typ. 2= 10F 31 =108 4.2 =108 25=10F 36=10F AN
E R — Typ. 1 1 2 0.1 05 a

Manx. 10 10 10 1 5

Hisa Time ** Typ. 14 ns
Ripple Moise ** ** {peak to peak) | Max. 0.5 mV
Settling Time *= Max. 10 5
Operating Ambient Temperature *¢ +5 to +50 C
Storage Temperature *= -20 to +50 i
Weight 110 g

"1: Measured at the peak sensitivity wavelength

*2: Control voltage = +1.0V
*3: After 30 minutes storage in darkness

*4: Cable RG-174/, Cabla length 450 mm, Load resistance = 1 M{l, Load capacitance = 22 pF
*5: The time required for the output to reach a stable level following a change in the control voltage §

*6:; No condeneation

rom +1.0 W to +0.5V
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Current Output Type Photosensor Modules

I Characteristics (Cathode radiant sensitivity, PMT gain)
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G. Spherotech Rainbow Calibration Beads

This Appendix contains specification on the Spherotech Beads. These beads are used to
calibrate cytometers. The beads contain 8 populations of spheres all with the same
diameter. The 8 populations range from no fluorescent signal to high fluorescent signal.
Using these known specifications allows a user to be sure that all signal is being seen in a
cytometer.
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Spherotech, Inc.
27845 Irmua Lee Circle, Unit |01, Lake Forest. IL 60045

SPHERO™ Calibration Particles

SPHERO™ Calibration Particles are designed for routine calibratgion of flow cytormeters. They are used
extensively by many laboratories for OC and long termn perforrnance tracking of the flow cytometer In additicn,
thiey are also used for rowutine alignmeent and calibration in fluorsscence and confiocal fluorescence MCToSOOoEY.

SPHERO™ Rainbow Calibration Particles

=  Contains multiple fluorophores incorporated [ Faacstesand S Sae um Camies Ma Uk
in the same partcle to be used in MUltiple | fsrbow Cibbrson, 4 osske, 107=L 1822 RCRIME  Emil
channels of the flow cytometer. Bmirisow Cabbration, § oeskz, [07=L  30-34 RCRIGE  Emil
- . . . . Bimirkorw Calbasion, & oeake |37 3034 RCF-35A Eml
»  Ayailable with different fluorescent imtensities B o
- . Beainborer Calibration, & casle, |97l AZdw0EF BROEI-S 5 mil
on the same size particles.
Fomipizorw Calbrapisr, 4 pask |07 =L 54D BF-35-5 Eml
Figure | The contour plot below displays the

- Wit_hEtand freeze-thaw cycles; diluted | o o o b ne of the Raint Calibration Particdes
particles can be stored frozen for later use.  , FTC vs PE (Camlog Mo, RCP-20-54).

i
- Can be sanitized by treating with 70% ethanol S ————, o

or other antibiotic agents.

The Rainbow Calibraton Pargcles (RCPs) con@in
a mixoure of several similar size particles with different
flucrescence Intensites. Every partclke contains a mimure
of flucrophores that allows exci@ation at any wavelength .
fromm 345 to 650 nm. As 3 result, most Channeds in the fow =
cyrometer can be calibrated wsing the same set of particles.

These particles are also wssd to determuine the relative
wvolizge range for each flow oromenrry detecoor. This will
determnine the dynanvic rangs of specific PMT deosctors®,
*Perfemto, 5P, DuAmbrozal, e al. (006 "Cuality assurance
for pobsdhrormatc flons cytometry” MMat Proosools 1{3):
1 522-1530.

107 107 10l
FE

The RICPs provide a reliable and reproducible particle micoure for calibrating flow optometers. They are very stable

since the fluorochromss are entrapped within the partcles instead of being located on the surface. In additicn,

Spherotech uses flucrophores that ars non-spectral matching to the cormmonly wed flucrophorss such as ATC, FE

or PE-Cy5. Az a result. the RCPs are stble in vterms of flucrescence.

The RCPs are convenient and affordable ©o use for long term performance tracking or routine calibraton. They
are packaged in a dropper bottle o facilitate the dispensing and storage. The diluted particles can be stored in te
freezer for later use if desired to reduce costs. Dilutkon of a few drops of the partides from the dropper bottle o
I il of a dilesnt will provide adeguate particle concentration for flow orometer @libration. The diluted Rainbowes
Calibration Farticles remain stable following repeated freezing and thawing.

Tel.: 800-368-0822 or B47-680-8922; Fax: BAT-680-8927; E-Mail: serviceispherotech.com
WYisit us on the web at http:/f'www.spherotech.com
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Spherorech, Inec.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045

Figure 2 Histograms showing individual peaks representing various fluorescence intensities in Rainbow
Calibration Particles (Catalog Mo, RCP-30-54, Lot Mo, AA801) are shown below.
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Tel.: 800-368-0822 or 547-650-8922; Fax: 847-5580-8927; E-Mail: service({@spherotech.com
Visit us on the web at http:/lwww.spherotech.com




Spherorech, Inc.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045

Figure 3 Histograms of the Rainbow Calibration Particles
(Cat. Mo, RCP-30-5A, Lot Mo. AADI) on a BD FacsCanto™ 11
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* Data provided by Laura Marszalek. Morthwestern Memerial Hospital.

Tel.: 800-368-0822 or 547-680-8922; Fax: 847-680-89217; E-Mail: service(@spherotech.com
Yisit us on the web at http:/lwww.spherotech.com




Spherorech, Inc.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045
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Figure 4

(Cat Mo, RCP-30-54_ Lot Mo, AAO01) on a BC» LSE™ |1

Histograms of the Rainbow Calibration Particles
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* Data provided by Laura Marszalek, Northwestern Memorial Hospital.

Tel.: 800-3&68-0822 or B47-680-8922; Fax: 847-680-8927; E-Mail: service@spherotech.com
Yisit us on the web at http:/lwww.spherotech.com
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Spherotech, Inc.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045

The relative number of flucrophores per particles has
been determined for every peak of RCP-30-5 (Lot
AADTY im FLI {FITC, MEFL). FL2 {R.PE. MEPE). FL3 (RPE-
Cy5, MEPCY) and FL4 (APC, MEAP) channels of flow
cytometer to plot the calibration graph as shown below.
The calibration graph is used to check the lingarity of the
PMT in each channel. In addition, the relative number
of fluorophores can be cross calibrated with cells or
particles stained with known number of spectral matching
fluorophores such as FITC, PE. RPE-Cy5 to estimate the
number of fluorophores on stained cells. The RCP-30-
54, which is identical to RCP-30-5 with the exception of
two additional peaks between the blank and the dimmest
peak of RCP-30-5 to give a total of 8 peaks is shown
on Page |. The RCP-30-54A is very useful in checking
the sensitivity and resolution of the flow cytometer.
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PMT O Templates, as shown below, are downloadable.
The template will allow the wser to check and
report the linearity of PMT in all channels easily
by using RCP-30-3, RCP-30-54, RCP-60-5, URCP-
38-2K, URCP-50-2K, RQC-4K or ACP-30-5K.
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Figure 5 The Rainbow Calibration Particles are
available in sizes of 2 to 6 um to suit various applications.
Additional histograms of Rainbow Calibration Particles
are shown on Pages 6-8.
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Tel.: 300-368-0822 or B47-880-8912; Fax: 847-680-8917; E-Mail: service{@ spherotech.com
Visit us on the web at http:/lwww.spherotech.com
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Spherotech, Inc.
27845 Irma Lee Circle, Unit 101, Loke Forest, IL 60045

Figure & Histograms of the Rainbow Calibration Particles
{Cat. Mo. RCP-60-5. Lot Mo, AADI)
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Tel.: 800-368-0822 or 847-680-8922; Fax: 847-680-8927; E-Mail: service@spherotech.com
Visit us on the web at http://www.spherotech.com
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Spherotech, Inc.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045

Figure 8 Histograms of the Rainbow Calibration Particles
{Cat. Mo. RCP-30-5, Lot Mo. AACI) on a BD FacsCanto™ I
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* Data provided by Laura Marszalek, Morthwestern Memorial Hospital.

Tel.: 800-368-0822 or §47-680-8922; Fax: 847-680-8927; E-Mail: servicei@spherotech.com
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Spherotech, Inc.
27845 Irma Lee Circle, Unit 101, Lake Forest, IL 60045

Figure 9 Histograms of the Rainbow Calibration Particles
{Cat Mo. RCP-30-5, Lot Mo. AAO1) on a BD LSE™ 11
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* Data provided by Laura Marszalek, Morthwestern Memorial Hospital.

Tel.: 800-368-0822 or 547-680-8922; Fax: 847-680-8927; E-Mail: service@spherotech.com
Visit us on the web at http:/lwww.spherotech.com
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H. Laser Shape Testing Images

This Appendix contains screen captures relating to the tests done in laser shape testing.
These images contain the forward scatter, FL1, and FL2 views of the machine. There are
three sets of data which are Baseline, testing with 100 focal length plano convex lens, and
testing with a 200 focal length plano convex lens.
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L. Plano Convex Beam Shaping Optic
This Appendix contains specifications on the 200mm focal length plano convex lens from
ThorLabs. This lens is used for shaping the beam of the laser in the Y plane.
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[1.28]

[1.18]
30.0 "

NOTES/SPECIFICATIONS:

VRN AN =

e

ALL DIMENSIONS ARE IN THE FORM

DESIGM WAVELENGTH: 587.6nm

FOCAL LENGTH: =200.00mm + 1%

BACK FOCAL LENGTH[REF): bf=197.3mm

CLEAR APERTURE: >20% OF SURFACE LENGTH AND HEIGHT
SURFACE QUALITY: 60-40 SCRATCH-DIG
CENTRATION: = 3arcmin

LENGTH AND HEIGHT TOLERANCE: +0.0/-0.1mm
THICKMNESS TOLERANCE: +0.1mm

SURFACE ACCURACY:

POWER = 1 FRINGE (51), 3 FRINGES (52)
IRREGULARITY = h/4 [S1), A [S2 H), A/em (52 1)
COATING: BBAR Ravg<0.5% FROM 350nm-700nm,
0° AQI, ON QUTER OFTICAL SURFACES

[in]

mim

[0.2]
3.0 TYP

[0.6]

ﬁm:l/

SECTION A-A

MAME DATE
DRAWN BAG | 03/22/2010
ENG AFFRE. | 5G 0407 ,/2010
MFG APPR.  CD C4/21/2010

FROFRIETARY AND COMFIDENTIAL

THE INFORMATION CSORTAINED M THIS
DRAWIHG I3 THE SOLE FROPERTY OF
THORLABS, INC. ANY REPRODUCTION
IH PART OR AS A WHOLE WITHOUT
THE WRITTEM PERMISSICH OF
THORLABS, IMNC. [5 PROHBITED.

1:1 ISOMETRIC VIEW FOR
REFERENCE OMLY

[4.07]

— 103.4

(52)

PO BOX 366
THORLABS INC. newronni
TITLE;H=30.0 L=32.0 F=200.0 CYLINDRICAL
M-BK7 PLANO CONVEX LENS

MATERIAL:
N-BK7 mw,m mm{.
SCALE: 2:1 SHEET 1 OF 1
DWG. NO. PART NC.
5932-E01 LIT&S3LT-A
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J. Plano Convex Beam Shaping Optic
This Appendix contains specification on the 40mm focal length plano covex lens from
ThorLabs. This lens is used for shaping the laser beam in the X plane.
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[0.47]
(L]
_|l... A
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|
[0.39] _
10.0
(H) _
1
|
|
- A

NOTES/SPECIFIC ATICOMS:

1.

e il ol

10.

DESIGH WAVELEMGTH: 587 4nm

FOCAL LEMGTH: f=40.00mm = 1%

BACK FOCAL LENGTH([REF): bf=38 3mm

CLEAR APERTURE: =90% OF SURFACE LENGTH AND HEIGHT
SURFACE QUALITY: 40-40 SCRATCH-DIG
CENTRATION: = Sarcmin

LEMGTH AND HEIGHT TOLERAMCE: +0.0/-0.1mm
THICKMESS TOLERAMNCE: +0.1mm

SURFACE ACCURACY:

POWER = 1 FRIMGE [51), 3 FRINGES |52)
IRREGULARITY = Af4 [31), A |32 H), Mcm (52 1)
COATING: BBAR Ravg<0.5% FROM 350nm-700nm,
0* AQI, ON QUTER OPTICAL SURFACES

[in]

ALL DIMENSICNS ARE IN THE FORM mm-

5 4

1:1 ISOMETRIC VIEW FOR
REFEREMCE OMLY

[0.08]
20 TYP

-7
&r;

E?—n

ra =

[081]
207
(52)

SECTION A-A

___ THORLABS INC. [&iit

DIRAWH gac  oazzzooe  TITLE:H=10.0L1=12.0 F=40.0 CYLINDRICAL
BNGAPPR. | 3G 040772010 M-BK7 PLANG CONVEX LENS
MFC APPR. | DD 04/21/2010

MATERIAL:
FROPRIETARY AMD CONBDENTIAL M-BE7 ......._Mm mmw_,.
THE IMFCIRMATION CONTAINED H THE
DRAWNG B THE SOLE PROPERTY OF SCALE: 501 SHEET 1 OF 1
THEIRLAKS, INC. ANY REPRODUCTION
I PART O A5 A WHOLE WITHOUT DWG. NO. PART M.
THE WRITTEN PERMISSION OF 40721 1-
THERLARE, INC. B PROHIBITED. 5736-E01 L1 1-A
3 2 1
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K. Flow Cell Focal Lens

This Appendix contains specification on the 8mm focal length lens from Edmund Optics.
This lens was used to focus the correct beam shape onto the capillary. The lens was
mounted inside the flow cell approximately 8mm for the capillary.



114

=“ Edmund WORLD'S LARGEST INVENTORY OF QPTIGAL GOMPONENT:

apticsa |wor ldwids 1-ER0-363-1992 | www.edmundoptics.com

4mm Dia. x 8mm FL, MgF; Coated, Achromatic Doublet Lens

Stock Mo, £45-205 Availsbiniry: [org

£70.00

1 -5 for $30.00 exch.
6 - 25 for $56.00 sadh.

SPECIFICATIONS

Diamester [mm) 4.00

Diamester Toleramnoe [mim] #0.00/-0.05
Clear &pernwre TA {mm) a6

Effective Focal Length EFL {mm) ao

Back Focal Lengkh BFL {mmm} 6,59

Focal Length Tolermnce {58 *2

Edge Thickness ET {mm) 2.09

Cenber Thidoness CT 1 (mm) 1.50

Center Thidoness CT 2 (mmi) 1.02

Center Thickmess Tolerance {mm) +032

Centering (arcminutes) 3-5

Radius R, (mmj) 5.76

Radius Ry (mm) -3.49

Radius R {mmij) ~26.005

Swrface Quality 20 - 10

Bewel Protective bevel a5 necded
Substrate W-BaF10 f N-5F10
Coating Specification Rawg =1.75% @ S00 - 700 nmi
Coating MgF,

Type Achromatic Lans
e 2

Humeerical Aparture NA 0.5

Wavelength Range (pm) 0.4-0.7

RoHS [ =

TECHNICAL INFORMATION

-i—l.'l',--l:l'I
3l

Copyright 20014, Edmund Optics Inc. 10L East Gloucester PFike, Barringtom, M1 0E007- 1380 LISA
Privacy Palicy | Terms & Conditions | Careers | Help Center | Site Map
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L. Assembly of Machine
The images in this Appendix are final pictures taken of the CytoFlow device. These
show the whole cabinet that contains the device as well as a picture of the optics layout.
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The Image above displays the shell that the complete flow cell is housed inside.



® 4

The image above is a real picture taken of the optics portion of the machine. This image
shows all of the detail that went into the device created by CytoFlow.



