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ABSTRACT

DETECTING A HETEROGENOUS SAMPLE OF PIGMENTED MELANOMA CELL LINES

USING PHOTOACOUSTIC FLOW CYTOMETRY

By
Margaret Cappellano

May 2021

Thesis supervised by Dr. John Viator

Metastatic melanoma is the deadliest form of skin cancer, which is in part, attributed to
its rapid aggression and lack of response to typical treatment methods. There are far too often
cases where a lymph node biopsy does not detect the severity of the cancer, which in turn causes
a lack of diagnosis until a mass can be visually detected on a scan, such as a PET, CT, or MRI.
Once visible on a scan, the cancer is too progressive for successful treatment. To avoid this, we
investigated how a blood sample can be used to negate a missed diagnosis, by using
photoacoustic flow cytometry to detect melanoma cells within the blood. We studied the
absorbance wavelength of human melanoma cells to determine the ideal cellular characteristics
needed for photoacoustic flow cytometry detection. Using this data, we also determined the
viability of a heterogenous melanoma cell sample being accurately detected through the flow

chamber. These novel findings will be further used to develop photoacoustic flow cytometry as a



viable, accurate, and timely method of melanoma detection and monitoring. They will also be
used to further understand a minimum cell concentration and absorption reading needed for

photoacoustic detection.
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CHAPTER 1: INTRODUCTION TO MELANOMA
Simply defined, melanoma is cancer of the melanocyte, the melanin producing cells of
the epidermis and hair follicles. Melanoma is a relatively intractable cancer, proven by the lack
of understanding associated with the mechanisms that hinder the effectiveness of chemotherapy.
In relation to all dermatologic cancers, melanoma accounts for four percent of all diagnoses, yet
is responsible for eighty percent of yearly deaths; where only fourteen percent of patients

diagnosed with metastatic melanoma live longer than five years [1].

Histopathological Appearance Description Histologic Features
Step 1 Proliferation of melanocytes
The first event is a proliferation of structurally normal Benign lesions

melanocytes leading to the benign nevus. Clinically, these
nevi present as flat or slightly raised lesions with either
uniform coloration or a regular pattern of dot-like pigment
in a tan or dark brown background. Histologically, such
lesions have an increased number of nested melanocytes
along the basal layer (arrows).

Step 2 Dysplastic cells
The next step is the development of aberrant growth. This Random atypia
may occur within a preexisting benign nevus or in a new
location. Clinically such lesions may be asymmetric, have
irregular borders, contain multiple colors, or have
increasing diameters. Histologically, such lesions have
random and discontiguous cytologic atypia (arrows).

Step 3 Intraepidermal growth
During the radial-growth phase, cells acquire the ability to Continuous atypia
proliferate intraepidermally. Clinically, they sometimes
present as raised lesions. These lesions no longer display
random atypia and instead show cytomorphologic cancer
throughout the lesion. In addition to the intraepidermal
cancer, the cells can penetrate the papillary dermis singly
ar in small nests but fail to form colonies in soft agar.

Step 4 Dermal invasion
Lesions that progress to the vertical-growth phase acquire
the ability to invade the dermis and form an expansile
nodule, widening the papillary dermis. The cells can also
extend into the reticular dermis and fat, are capable of
growth in soft agar, and have the capacity to form tumer
nodules when implanted in nude mice.

Step 5 Metastasis
The final step in the model is the successful spread of
cells to other areas of the skin and other organs, where
they can successfully proliferate and establish a metastatic
focus. These cells can grow in soft agar and can form
tumor nodules that may metastasize when implanted in
nude mice.

Figure 1: The Clark Model, which illustrates the progression of melanocytes to melanoma. The
melanocytes form nevi, which develops into dysplasia, hyperplasia, invasion, and eventually
metastasis [14].Reproduced with permission from (scientific reference citation), Copyright
Massachusetts Medical Society.



The Clark Model illustrates the histological changes which occur to transform
melanocytes to malignant melanoma. The first phenotypic change is seen when the melanocytes
develop nevi, which are an alternative type of melanocyte [2]. Growth of the nevi begins when
an abnormal activation of the mitogen, a small protein that catalyzes cell division, occurs in the
melanoma cell [3]. The activation of the mitogen is a result of a somatic mutation of N-RAS
(protein involved with regulating cell division), called BRAF [4]. In a study performed on
zebrafish, the expression of a mutant BRAF, in conjunction with the lack of activation in the
tumor- suppressor gene, caused malignant melanoma [5]. Next, the development of cytologic
atypia occurs within the nevi present in the melanocyte. In this stage, DNA repair, cell growth,
and susceptibility to cell death, occurs [6]. This is due to the activation failure of the tumor-
suppressor gene, like CDKN2A or PTEN. Thus, the nevi will become malignant or increase the
rate of development of melanoma [7]. In a healthy melanocyte, differentiation, and the
expression of genes which encode proteins for pigment production are aided by the
microphthalmia- associated transcription factor (MTIF) [8]. A relatively unknown anomaly in
the development of melanoma, is the role of MITF. Usually, MITF is responsible for the
expression of SILV and MLANA, which are melanocyte- lineage genes, but are absent in
melanoma. However, MITF is still expressed and present in nearly all melanomas [9]. Thus, it
can be deduced that the expression of MITF in conjunction with BRAF, as earlier discussed,

could affect primary melanocyte cultures, making MITF an oncogene [10].
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Figure 2: Biologic events and molecular changes in the progression of melanoma. Not only is
the basement membrane penetrated by the melanoma cells, but the melanoma also grows
intradermally as an expanding nodule [14]. Reproduced with permission from (scientific

reference citation), Copyright Massachusetts Medical Society.

Metastatic cancers’ invasion and spread are heavily responsible for the high mortality
rates, including melanoma. The Clark Model states that metastatic melanoma’s invasive
characteristics include vertical- growth through the basement membrane. Metastatic melanoma
begins when a tumor cell travels from the primary location and migrates. It can travel through
the stroma, and thus contaminate blood vessels and the lymphatic system to begin new tumors
[11]. The depth of the primary invasion, in conjunction with a histological analysis, provides the
evidence for diagnostic and staging purposes. A lack of cell adhesion is what causes the tumor
cells to migrate from the primary lesion. Disturbances in this cell adhesion process thus
contributes to the metastasizing process. Cadherins are the proteins within the cell membrane

which catalyze cell adhesion, through actin cytoskeleton connections and intracellular signaling.



Errors in cadherin expression thus induce melanoma survival and proliferation [12]. The increase

radial- growth rate which leads to more vertical- growth of the melanoma, is attributed to a

decrease in epithelial cadherin, and an increase in neural cadherin. Unfortunately, neural

cadherin is a common characteristic of invasive melanoma, and enables metastatic spread

through dermal fibroblasts and the vascular endothelium [13].

Three melanoma cell lines were chosen for investigation. It is important to understand

why these specific cell lines were chosen, and what their differences are. Primarily, their

differences are attributed to transcriptomes, tumor purity, UV mutational signatures and the

expression of skin- associated genes [64]. The ranking system used illustrates the most similar to

patient tumors, to least similar, respectively.

Mean correlation to

All The top The top Cell line Cell line Predominant
malignant | MITF AXL MITF gene | AXL gene | MITF/ AXL
tumor cells | program program set set cluster
enriched enriched enrichment | enrichment
malignant | malignant
cells cells
COLO 0.542 0.530 0.508 2.96 -0.39 MITF
849
HTB- 71 0.514 0.437 0.514 0.46 3.20 Intermediate
HS936 0.505 0.554 0.456 2.34 -2.22 MITF
SK- MEL- | 0.465 0.532 0.410 2.37 -0.44 MITF
3




HS8&839 0.216 0.189 0.224 -2.70 2.36 AXL

Table 1: All genes were used to compute the Pearson’s correlation of all the cell line- malignant
cell pairs. The cell lines were ranked based on their average correlation indicated malignant
cells (n=1256). MITF and AXL program enriched cells represent the cells with the highest and
lowest 400 MITF/ AXL enriched cell, respectively. MITF or AXL gene set enrichment is

indicated based on GAGE analyses. MITF, AXL or intermediate clusters were structured based
on Gaussian Kernels. [64]

In a study conducted by Tirosh et al., the RNA- sequencing of 4,000 malignant
melanoma cells from tumors was found [65]. This data was useful to find which cell lines are
most transcriptionally similar to their malignant cells versus all the cells from the tumor. Thus, it
is possible to directly compare the transcriptomes of the cell’s lines and malignant melanoma
cells directly from tumors. The top ranked cell line, COLO 849 has the highest correlation
coefficient, as compared to HS839 with the lowest correlation coefficient [64].

It has also been found that there are two main transcriptional signatures that define
melanoma. First, the proliferative stage, which is determined by MITF expression, and the
invasive state. Further findings illustrates that the first stage can be further defined by MITF and
AXL gene programs. Thus, the selected melanoma cell lines differ in their expression of the gene
sets. An enrichment analysis of MITF and AXL gene sets was conducted and a cluster analysis
deduced the enrichment values, defined by high MITF expression, high AXL expression and an
intermediate group. An analysis of the average correlation coefficient of MITF or AXL gene sets
illustrated either high or low representations of one transcriptional state, but not both. For
example, Table 1 illustrates how SK-MEL-3 correlates well with MITF enriched cells [r= 0.532]

but poorly with AXL enriched cells [r= 0.410] [64].




1.1 OPTICAL ABSOPTION

When electromagnetic energy is transformed into internal energy, like thermal energy, it
can be described as the absorption of electromagnetic radiation by matter. In optical absorption,
the medium’s transparency changes with the light wave intensity, which causes saturable
absorption, or nonlinear absorption [56].

Spectroscopy is a method concerned with the absorption, emission and scattering of
electromagnetic radiation by atoms or molecules [57]. This method can deduce the absorbance of
each melanoma sample, where the greater the absorbance, the higher melanin content the
particular sample has. Once the sample is loaded into the spectrometer, a light is directed through
a fiber optic cable through a narrow aperture, called an entrance slit. This slit is able to vignette
the light as it enters, where it is then collimated by a concave mirror onto a grating. The grate
then disperses the light though various angles, where it is then focused by a second concave
mirror onto the detector. From the detector, the light photons are converted into electrons and
digitized to a computer. The computer interpolates the signal over a given wavelength and
deduces a spectral range of absorbance. The data can be manipulated for countless other
applications outside of absorbance [58]. By knowing the absorbance of a sample, a specific light

wavelength can be chosen to detect the needed characteristics of the sample.

Ty

Light Source | .
\ i M Photomultiplier Tube

Exit Slit Sample

Diffraction Grating
(Excitation Monochromator)

Figure 3: Diagram of simple beam spectrometer [69].



It is important to note that absorbance is a unitless measurement, which can be
understood through Beer’s Law. This law states that the absorbance is proportional to the path
length through the sample and the concentration of the absorbing species [67]. More specifically,
A= ecl
Where,
A = absorbance
€ = molar absorption coefficient
¢ = molar concentration
[ = optical path length
The units of € are M'em! which is multiplied by the units of molar concentration and
optical path length, M and cm, respectively. Thus, absorbance is a unitless dimension. The molar
absorption coefficient is a measure of how well a sample absorbs light at a particular wavelength.

Ultimately, the law states that there is a linear relationship between the absorbance and

concentration of a sample [68].
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Figure 4. (a) Absorption spectrum of the same solution in different concentrations of water.
Hllustrates direct correlation between absorbance and concentration. (b) Calibrations curve of
the sample in water [68].

Saturable absorbance can be defined by matter absorbing light, which is reduced at high
optical intensities. In this specific application of photoacoustics, the laser light is consistently
pulsed. Due to the pulsation of the light, there are fast saturable absorbers, and slow absorbers. A
fast saturable absorber has a medium with a recovery time below the duration of the laser pulse,
where a slow absorber has a medium with a recovery time above the pulse duration [56].

The light seen in a laser beam holds various characteristics that differ it from ordinary
light. First, light in a laser beam is directed in a straight line, where ordinary light, like a light
bulb, is directed in waves of many directions. The single wavelength of a laser, also referred to
as monochromaticity is unique when compared to the varying wavelengths of ordinary light, that
when combined, appear white. Coherence can be defined as the interaction between light waves
in terms of their peaks and troughs. Laser beam coherence is synchronized, when the peaks and

troughs line up, which is unlike ordinary light [60].



Typically, in melanoma research, a wavelength of 532 nm is used for a variety of reasons.
After the laser hits the sample, the wavelength that is deflected is absorbed by the retina,
displaying a color characteristic. The visible rays or wavelengths are 400 to 700nm, where 532
nm falls generally in the middle of the short and long wavelengths. Any wavelength outside of
these boundaries are no longer visible rays and cannot be seen by the human eye. Second,
Harmonic Generation (SHG) is half of the typical 1064 nm wavelength, thus 532 nm. A
wavelength of 106 4nm is the primary wavelength used in an Nd: YAG (neodymium- doped
yttrium aluminum garnet) laser, which is an extremely common type of laser used in
photoacoustics. It is produced by using a nonlinear KTP crystal to reduce the original 1064 nm.
It has high peak power, without large amounts of heat transfer, and is often used for intricate
processing due to its smaller beam spot in comparison to other IR lasers [60]. In addition, 532
nm lasers are readily available off the shelf, and are highly cost effective. They are heavily used
in fluoresce spectroscopy, optical alignment, and dermatology.

1.2 PHOTOACOUSTICS

Simply defined, photoacoustics is the creation of acoustic waves due to light absorption.
When a pulsed laser light hits matter, in this case a circulating melanoma cell (CMC),
thermoelastic expansion of the cell occurs. The cell absorbs part of the laser light energy, which
produces an increase in internal cell temperature. When matter absorbs heat, it expands. This
expansion produces a pressure wave [15]. Sometimes, the pressure wave is so great, the matter
begins to oscillate, or move around a central point. This oscillation produces a sound wave,
which is 50-5000 times greater than what a human ear can detect. In order to do so, the laser

pulses at a sound frequency of 1-1000MHz [16,17]. Within the laser setup there is a transducer



which detects the acoustic wave. An oscilloscope will then process the data from the transducer
and display it through a graphical waveform on a screen [18].

In order to create the pressure oscillation, the matter must be heated and cooled. This can
be done through a modulated excitation or pulsed excitation. In modulated excitation, a sine or
square wave is formed due to radiation sources of fluctuating intensity [19-23]. On the other
hand, pulsed excitation uses nanosecond flashes of the laser. This causes a short sample
illumination, proceeded by a longer dark cycle. Thus, the oscilloscope is able to process the
thermal expansion. For a singular frequency, a modulated excitation is preferred, but for multiple

acoustic waves, which was chosen for this experiment, pulsed excitation is used [24].

Optical Absorption
Heating of Illuminated Volume

Thermal Expansion
Acoustic Detection
|

Figure 5: How to evaluate a photoacoustic signal

The acoustic signal generated inside the cell, detected using a microphone, has an
amplitude defined by,
p = FWyug
Where,
W, = Incident radiation power
Uo = Absorption coefficient of the sample

F = The proportionality factor, defined by

10



F=G(y—-DL/yV

Where,

G = Geometric factor of the order of one

y = Adiabatic coefficient of the gas

L = Length of the cell

V' = Volume of the cell
The generated photoacoustic signal is indirectly proportional to the modulation frequency and
cross section of the cell, thus as the cell decreases in size and modulation frequency, the signal
increases [25-28]. The modulation frequency is then defined as,

w = 21V

The short laser pulses lead to the expansion of the cell and pressure pulses. These
pressure pulses are detected though optical methods or piezoelectric transducers. The depth of
the pulses is then dependent on the time resolution of the transducer. This is calculated by
multiplying the speed of sound on the sample and the product of the temporal resolution [25-28].
The depth ranges from micrometer to centimeters, which is affected by the rate of absorbance or
scattering of the sample. In comparison to other optical techniques, such as absorption
spectroscopy, photoacoustics are more desirable due to the pressure waves being detected and
generated through a direct source of absorbed energy. In absorption spectroscopy, the
absorbances are indirectly detected by reflectance or transmittance [29,30]. Thus, photoacoustic
imaging produces a higher resolution outcome, in conjunction with maintaining a high level of

contrast, which is why it is an advantageous method in melanoma cell detection.
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1.3 CURRENT AND HISTORICAL INVESTIGATIONS

In 1876, Alexander Bell began to study the use of light in the transmission of speech [31].
Through his work, he developed the photophone, which was the first speech transmission by
light. The sound within the telephone circuit was voice- modulated light intensities converted
through the battery current. This technology is considered the first implementation of wireless
telephony, or the first optical communication device. More importantly, Bell discovered that the
illumination of different solid substances with a rapidly interrupted beam of light energy results
in the emission of acoustic energy at the same frequency as the modulated frequency [31]. With
this conclusion, he was able to replace the selenium- cell in the photophone, with a lamp- black
receiver. Thus, the light modulations were directly converted into speech [32]. This effect was
dubbed the “sonorous” effect and studied heavily by other notable scientists.

Lord Rayleigh concluded that the sound was due to a vibration caused by the unequal
heating of the plates when pulsed with light [33]. Mercadier and Preece postulated that the sound
waves were due to vibration, rather the expansion and contraction due to the air contact heating
the disk [34-36]. Though use of the photophone in a practical sense was difficult, as it relied on
human hearing, it was still a phenomenal finding that illustrated using light to replace electrical
signals as an information carrier. Decades later, this effect was further developed by Veingerov
of the State Optical Institute of Leningrad [37]. Through infrared gas analysis, and understanding
the principle of the photophone, Veingerov was able to detect CO, concentrations using charged
capacitive microphone diaphragms. Pfund further expanded on this, stating that the system
directly measured the changes of gas temperature, instead of pressure changes [38]. This
phenomenon was dubbed the opto- acoustic effect, as two tubes became joined in a coupled

chamber, separated by a membrane capacitor which acted as a microphone. Infrared sources then

12



interrupted the chamber by a rotating disk, where acoustic signals were generated and measured
as a differential signal through a microphone [39-44].

In 1960, the laser was developed which illustrated a revival of new phenomena. Kerr and
Atwood measured gas absorbances using pulsed laser lights, in conjunction with acoustic
detection using a capacitance microphone [45]. The piezoelectric effect, developed by Pierre and
Jacques Curie in 1880, was then applied to the gas- microphone, as it was more useful in
detecting high- frequency ultrasound vibrations, produced by the pulsed laser sources [46]. In
1963, it was observed that shock waves were formed in response to the interaction of the laser
beam and water [47]. This finding catalyzed the investigations into the sound excitation in
liquids and solids through pulsed laser signals. Early investigations focused on the surface
effects, as the acoustic waves were produced by the laser light absorption on the surface layer of

the solid or liquid.

Laser

Elastic
waves

Figure 6. (a) Rabbit used in the experiment conducted by Amar et al. (b) Opto- acoustic traces
from the rabbit’s retina using a pulsed laser detector [48].

The first instances of photoacoustics in biomedical applications are recorded in 1964.
Here, Amar et al. aimed to detect elastic ultrasound waves using laser pulses in the eye of a
rabbit [48]. In 1974, it was proposed by Foster and Finch that pulsed light absorption in tissue

was the cause of thermoelastic expansion, which resulted in acoustic signals [49]. This finding is

13



perhaps the beginning of what is mostly commonly known and used today in photoacoustic
imaging. The first in vivo photoacoustic study was performed in 1993, where a probe was used to
develop photoacoustic scans from a human finger. The laser signal emitted from the probe
created alternate signals in reflection of the tissue and bone depth [50].

In 2002, Dr. John Viator illustrated the first basic ideas of photoacoustic flow cytometry
through depth determination and reflective methods of epidermal melanin content [51-52]. This
led to a future of imaging and cancer detection methods, which are still in working theory today
[53]. In 2012, Zharov et al. developed a technique focused on ultrasensitive detection of normal
blood cells in comparison to abnormal cells like circulating tumor cells. This advancement made
way for the development of early cancer diagnosis, infection, and cardiovascular disorder,
proving to pave the pathway of current and future detection of deadly diseases. This idea has
recently been further explored through demonstrating the high sensitivity of the Cytophone
technology using an in vivo photoacoustic flow cytometry platform for label- free detection of
melanin bearing circulating tumor cells in patients with melanoma [54]. Another example of
current use is the developing method to determine the bacterial content within blood samples
using dyed bacteriophage being processed through photoacoustic flow cytometry [55].

1.4 PURPOSE

Although there is increasing research in the field of diagnosing various cancers through
photoacoustics, incorporation and understanding of melanoma is underdeveloped. This can be
attributed to a lack of knowledge around metastatic melanoma’s intractability. The main goal of
this study is to understand if photoacoustic flow cytometry is a viable option for accurately

detecting a heterogenous sample of melanoma cell lines.

14



After melanoma has progressed beyond the skin, it first travels to the sentinel lymph
node. These nodes play a role in transporting cancer cells, thus it is important to accurately detect
cancer cells in these lymph nodes, before it continues to spread through other areas of the body.
To do this, a lymph node biopsy is necessary. During this procedure, 6um slices of the node are
taken for pathology to detect the presence of cancer cells through a microscope. Because the
whole node is not biopsied, there is a chance that the biopsied slice, and possibly the rest of the
node, hold different characteristics. More specifically, the cancer cells may not be present in the
biopsied slice, though present in other areas of the node. If this were the case, the cancer would
continue to spread, and fail to be diagnosed until visible on a scan, such as a PET, MRI, or CT.
When melanoma has metastasized to the point of being visible on a scan, billions of cancer cells
have invaded the body, and the odds of successful treatment are slim. Thus, there needs to be a
proficient way to detect and monitor melanoma after a lymph node biopsy but before scan
visualization. Thus, by using a 2 cell per mL of blood threshold, it is deduced that photoacoustic
flow cytometry could be an attractive method to monitor metastatic melanoma using only a
blood sample. This way, a patient’s exact melanoma cell count can be deduced, thus determining
if further treatment is needed, prior to reaching a cancer cell concentration which would make
the odds of successful treatment incredibly low.

In order to obtain the final goal, it was important to achieve smaller goals along the way.
Melanoma research is primarily conducted using HS936 cells, one cell line of many that patients
will present with. More commonly, a singular patient may present with multiple cell lines,
depending on exact type, and mutation leading to the diagnosis. Because of this, it is important to

understand the characteristics which separate the different cell lines, more specifically their
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absorption. After understanding the absorption, changes in melanin content may or may not need
to be performed, and understanding how to do so, is another goal of the study.

To accurately measure the final heterogenous mixture reading, it is imperative to have
initial photoacoustic readings of the individual cell lines. Thus, using photoacoustic flow
cytometry, combined with the approximate concentration of each sample, will provide a basis for
understanding the accuracy of photoacoustic flow cytometry with each individual cell line. After
initial readings are found, ensuring the survivability of the combined cell lines will be of upmost
importance.

From there, the heterogenous mixture will be run through the flow cytometer, where a
final reading of approximate melanoma cells will be deduced. Using the initial individual cell
line readings, combined with the heterogenous mixture reading, the accuracy of photoacoustic

flow cytometry in relation to real- life patient metastatic melanoma scenarios, will be concluded.
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CHAPTER 2: METHODS

It is imperative to follow specific protocols for the growth and care of melanoma cells.
The following methods are vital to healthy cell growth. It is also extremely important to note that
these cell cultures are highly susceptible to contamination, and decontamination techniques are
vital to a successful experiment.

2.1 MEDIA

Unfreeze Fetal Bovine Serum (FBS) and Penicillin Streptomycin (Pen- Strep) in a hot
water bath. Unchill Dulbecco Modified Eagle Medium (DMEM) to room temperature. In a
decontaminated fume hood, combine S0mL of FBS and SmL of 100X Pen- Strep to a 500mL
bottle of DMEM. Mix the contents by inverting the bottle multiple times. Then, use a vacuum
filter to sterilize the prepared media. Be sure to label, and date the bottle, prior to storing it at
4°C.

2.2 CELL CULTURE

After thawing the frozen cell vials in a warm (~37°C) water bath (~2 minutes), 1000uL
of the sample is pipetted into a 15mL falcon tube. 2mL of media is placed into the tube, over the
course of 2 minutes. It is important to add the media slowly to not shock the cells. The media
consists of 500mL of Dulbecco Modified Eagle Medium (DMEM), 50ml of Fetal Bovine Serum
(FBS), and SmL of 100x Penicillin Streptomycin (Pen- Strep). The ingredients are mixed and
vacuumed into a sterilized S00mL bottle. It is stored a 4°C. After the initial 2mL is slowly added,
the rest of the falcon tube is filled with media. The sample is centrifuged for ten minutes at
1600RPM. The excess media is aspirated. It is important to not disturb the pellet that has formed
in the bottom of the falcon tube. ImL of new media is added to the falcon tube. The pellet and

media are gently mixed using the pipette tip. The cells and remaining media are pipetted into a
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sterilized T-25 cell culture flask. Add 3mL of media to the flask. Sterilize the flask with ethanol,

being mindful of the pores in the cap. The cells are then stored in an incubator at 36.5°C.

Figure 7: Freshly cultured HTB-71 cells, generation zero.

2.3 ABSORPTION

It is imperative to understand the absorption of each melanoma strand. By understanding
the absorption, information about melanin content, and laser wavelength can be deduced, thus
allowing one to compare each strands’ characteristics. The excess media is aspirated from the T-
25 cell culture flask. 3mL of 1 XTrypLE ™ at room temperature is then added to the flask. After
about five minutes, use the microscope to see if the cells have unattached from the bottom of the
flask. Light tapping of the flask may be necessary. Once the cells are unstuck, pipette 100uL out
into five wells of the spectrometer well- plate, typically B1-B5 are used. In A1-AS, pipette
100uL of only 1XTrypLE ™., The A1-A5 wells are used as baseline comparisons, and
calibrators. Their readings should be zero. After programming the spectrometer to take a one-

time absorbance read at 600nm of A1-A5 and B1-B5, place the well-plate into the machine and
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run the sample. Record the absorbances.

,
H

Microplate well ©

Absorbance at any wavelength

Figure 8: Microplate reader diagram. The microplate is loaded into the machine, where a
Flashlamp illuminates light onto the well- plate, and the spectrometer detector deduces how
much of the original light is transmitted. The absorbance is computed and converted to a visual
representation on the computer [70].

The plate reader uses a light source to illuminate the sample at a specific wavelength. In
this case, a 600nm wavelength was used to detect the absorbance with a one time read. An
additional light source on the opposite side of the original source reads how much of the initial
source reaches the detector. This value often depends on sample concentration, so it is important

that all samples tested have similar cell concentrations.
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1. = not
stuck
1. = stuck

Figure 9: Microscopic image of not stuck, and stuck HS936 cells.

The remaining sample is transferred to a 15mL falcon tube filled with cell media and
centrifuged for ten minutes at 1600RPM. The excess media is aspirated. It is important to not
disturb the pellet that has formed in the bottom of the falcon tube. 1mL of new media is added to
the falcon tube. The pellet and media are gently mixed using the pipette tip. The cells and
remaining media are pipetted into a sterilized T-25 cell culture flask. Add 3mL of media to the
flask. Sterilize the flask with ethanol, being mindful of the pores in the cap. The cells are then
stored in an incubator at 36.5°C.

2.4 INCREASING MELANIN CONCENTRATION

After testing the absorption, it was clear that HS936 had the greatest absorbance in
comparison to the other selected cell lines. Because of this, it was important to increase the
absorption of the other cell lines, in order for the photoacoustic system to accurately detect the
cell counts. To increase the absorption, the melanin content of the samples had to be increased.

Various studies, in addition to the understanding of cellular functions have deduced that
UV radiation catalyzes pigment darkening by the chemical modification of melanin, and the
distribution of melanosomes in melanocytes [63]. Because of these findings, the cell lines

(except for HS936) were subject to segments of UV light. More specifically, a UVP light was
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used. The light was 4 watts, with a 365nm wavelength, 0.16 Amps and 115V at 60 Hz. Each
flask was placed under the lamp, for a thirty-minute interval. The lamp was kept in a backroom,
with all other light sources turned off. The absorption was then tested 24 hours after initial light
exposure. It took three exposure sessions to record the found results.

It is important to note that the cell lines were tested through the flow system, before and
after UV treatment. Aside from the spectrometer readings, the low cytometer detections also
supported the need for higher melanin concentrations.

2.5 HETEROGENOUS CULTURE

The following procedure must be done to one culture of each melanoma strand. The
excess media is aspirated from the T-25 cell culture flask. 3mL of 1XTrypLE ™ at room
temperature is then added to the flask. After about five minutes, use the microscope to see if the
cells have unattached from the bottom of the flask. Light tapping of the flask may be necessary.
The remaining sample is transferred to a 15mL falcon tube filled with cell media and centrifuged
for ten minutes at I600RPM. The excess media is aspirated. It is important to not disturb the
pellet that has formed in the bottom of the falcon tube. ImL of new media is added to the falcon
tube. The pellet and media are gently mixed using the pipette tip. 1mL of each falcon tube is
pipetted into the same cell culture flask. After ImL of each strand is added to the same flask, 2
mL of fresh media is added to the flask. The remaining cells are pipetted into their own unique
sterilized T-25 cell culture flask. Add 3 mL of media to the flask. Sterilize the flasks with
ethanol, being mindful of the pores in the cap. The cells are then stored in an incubator at 36.5°C.

2.6 PHOTOACOUSTIC FLOW CYTOMETRY
It is imperative to first calibrate the whole photoacoustic flow cytometer system. This is

done by running one negative sample (oil and PBS only), then a positive sample (oil and
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microspheres), followed by a negative sample until there are zero detections. After the
microspheres are cleared from the system, the first step to running the sample through the flow
cytometer is removing the excess media from the T-25 cell culture flask. 3mL of 1 XTrypLE ™ at
room temperature is then added to the flask. After about five minutes, use the microscope to see
if the cells have unattached from the bottom of the flask. Light tapping of the flask may be
necessary. Transfer the remaining sample to a 15mL falcon tube and fill to the top with cell
media. Centrifuge the sample for ten minutes at 1600RPM. Aspirate the excess media, and
remember it is important to not disturb the pellet that has formed in the bottom of the falcon
tube. Add 20puL of DNase to the falcon tube, followed by 2mL of histopaque. The histopaque is
used to facilitate rapid recovery of viable cells from small volumes. Vortex the sample. Keep the
disturbed pellet sample in the dark for fifteen minutes. After fifteen minutes, collect the entire
sample into a syringe, and fill another syringe with an equal amount of oil. Place both syringes in

the two-phase flow system, connected to the t- junction of the flow chamber.

Optical Fiber

Chamber

/

Oil Sample In

Quartz Crystal Tube Mixed Sample Out

Melanoma Sample In

Figure 10: Schematic of a photoacoustic flow system
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Figure 11: Top- view of the photoacoustic flow chamber, where the two orange wires on the left
are the alternating flow tubes creating two phase flow generation through the quartz tube. The
blue fiber optic wire introduces the flow chamber to the flashing light, catalyzing acoustic waves
from cell interaction.

q v
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CHAPTER 3: RESULTS

3.1: OPTIMIZATION OF ABSORPTION FOR FLOW CYTOMETRY DETECTION

Melanoma Cell Line Initial Absorption Treated Absorption
HS936 1.391 1.391
HTB-71 0.061 0.903
SK- MEL- 3 0.068 0.927

Table 2: Melanin concentration of various melanoma cell lines, before and after catalyzing
melanogenesis.

Table 2 illustrates how upon initial absorption testing, it was clear that HS936 had the
highest absorption rating, amongst all the studied lines. HS936 had an absorption of 1.391,
followed by SK- MEL- 3 at 0.068, and HTB- 71 at 0.061. Thus, HTB- 71 and SK- MEL- 3 had
to be UV treated in order to increase its melanin concentration, which resulted in an absorption

0f0.903 and 0.927, respectively.

Untreated vs. UV Treated Absorption

SK- MEL- 3

HTB-71

HS936

1.6

Graph 1: Melanin concentration of various melanoma cell lines, before and after catalyzing
melanogenesis. Orange represents treated and blue represents untreated.
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Melanoma Cell Line

Initial Detection

Treated Detection

HS936 2116 2116
HTB-71 1608 2743
SK-MEL-3 1348 1979

Table 3: Number of melanoma cells detected, using photoacoustic flow cytometry, in relation to
total concentration of untreated, and treated cell lines.

The laser initially detected 1,608 HTB- 71 cells, and 1,348 SK-MEL-3 cells. After being
exposed to the UV light for a duration of time, 2,743 HTB-71 cells were detected, and 1,979 SK-

MEL-3 cells. That is an average of 63.4% more melanoma cell detections when the absorbance

is increased.

Untreated vs. UV Treated Cell Counts

)
[5
3
o

o
[}

o

SK- MEL- 3

Graph 2: Number of melanoma cells detected, using photoacoustic flow cytometry, in relation to
total concentration of untreated, and treated cell lines. Orange represents treated and blue
represents untreated.

It is important to note that using a microscope, it was predicted that about 2,500

melanoma cells would be present in the tested 1 mL sample.
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3.2: DETERMINING HETEROGENOUS MELANOMA CELL DETECTION

ImL of each of the three melanoma cell lines was used in the heterogenous culture.
Based on the flow cytometry results from running the samples individually, it can be deduced
that the sum of each individual test is the approximate number of total detections in the
heterogenous mix.

2,116 + 2,743 + 1,979 = 6,838
Thus, there should be 6,838 detections, or melanoma cells, in the overall heterogenous mixture.
During the test run, the flow cytometer detected 5,776 melanoma cells. Thus, photoacoustic
flow cytometry is 84.469% accurate in detecting multiple lines of melanoma in a single
sample.
5,776 <+ 6,838 = 0.84469
= 84.469%
CHAPTER 4: DISCUSSION

The overall question which this thesis is aiming to answer is ‘can photoacoustic flow
cytometry be used to accurately detect a heterogenous sample of melanoma cells?’. The
findings show that with 84.469% accuracy, photoacoustic flow cytometry can be used to detect
multiple lines of melanoma within a single sample. There are various methods which may lead to
a greater accuracy percentage and should be further researched.

First, one way to result in a greater melanin content than solely relying on the UV lamp,
would be to expose the cells to L- Tyrosine or Tyrosinase. Studies have shown that L- Tyrosine
is a substrate and positive intermediate of melanogenesis. It is a non- essential amino acid, which
plays an important role in melanin pigment. In one particular study done on cultured hamster

melanoma cells, an addition of 10 to 600uM of L- Tyrosine illustrated melanin synthesis and
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higher tyrosinase activity [62]. In conjunction, a study performed on B16F10 mammalian
melanocytes illustrated that general cellular tyrosinase activity increase when purified tyrosinase
was added in doses [63]. Therefore, it can be deduced that in order for the 532nm wavelength
laser to more accurately detect all melanoma cell lines, the absorption must be increased by
adding either L- Tyrosine or Tyrosinase.

Second, the approximate concentrations for each sample were deduced from counting the
number of cells in a 1/16 in square, through the microscope, and multiplied to approximate the
total flask concentration. It would be most accurate to use an automated cell counter, and thus be
able to compare the detected cell count, to the exact concentration count. Although visual
concentrations are assumed to be relatively accurate, it would be most helpful to have exact
counts through the automated machine.

It should also be noted that there could have been a loss of cells in the recovery process.
For example, when the initial HS936 sample was run, the sample was re- collected from the
output of the flow chamber and reused for the heterogenous mix. When the HS936 sample was
run through the laser initially, the output is mixed with oil from the two- phase flow chamber.
Using a syringe, the cell sample was suctioned out of the tube which it was caught in. This was
possible due to the different densities of the sample and oil, making a separation clear. Though
through this collection process, there may have been cells left in the oil density, and not
recollected for the heterogenous mix. This may attribute to the lower cell count in the
heterogenous mix.

4.1: FUTURE ADVANCEMENTS
There is a clear clinical need for a more accurate method to detect and monitor metastatic

melanoma between a lymph node biopsy, and visual scan confirmation. As previously discussed,
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current methods are often inaccurate, missing a progressive diagnosis, and failing to treat the
disease in a timely manner. This method is able to accurately detect circulating tumor cells, that
are too small to show up on a scan, though may have been missed in a lymph node biopsy.
Between preparing the sample, and running it through the flow chamber, the total time taken is
less than thirty minutes. Results are accurate to the point of exact tumor cell count, and thus can
diagnosis exact stage, or be used for understanding the progression of treatment. By making this
method accessible in a clinical setting, it is clear that patients would be preserving, often life-
saving, time.

There are three primary developments that need to be made in order to implement
photoacoustic flow cytometry in a clinical setting. The first development is a greater
understanding for the wavelengths and absorbances of different melanoma cell lines. The most
commonly known and understood cell line is HS936. There are over 100 types of melanoma cell
lines, and though there is an understanding and recognition of them, there is a lack of evidence
towards their characteristics that would be needed to conduct flow cytometry [59]. More
specifically, the absorbance and wavelengths of said cell lines must be known in order for the
laser to be calibrated correctly, to best detect all possible cells. Although this thesis does address
this concern, more research is still needed. More specifically, three unique cell lines were
investigated, though there are many more that still hold unknown characteristics. A continued
understanding of these cell lines are critical for photoacoustic flow cytometry to be used in a
clinical setting as a valid detection and monitoring method.

Secondly, there needs to be new or alternative acoustic gel. The gel lubricates the KTP
crystal flow chamber and aids in dispersing the light energy. When applying the gel to the flow

chamber, there are often many bubbles present. It is incredibly important to remove these
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bubbles, in order to receive the most accurate cell count reading. Often times, if there are bubbles
present, the detections are increased, and the wavelength threshold is affected. In addition, it
would be useful to develop more permanent flow chambers to ensure acoustic coupling.

Lastly, a clearer understanding of the necessary concentration for detection would be
useful for further developments. The concentration of each cell line in the specific experiments
performed was approximately 10* cells per flask. By performing dilution intervals and
understanding the accuracy of detection, critical information will be gained about the laser
specificity. These findings will relate to more real-life examples of what melanoma
concentrations may be within patients’ blood samples. In addition, the findings can be used to
further advance the accuracy of the laser, and its ability to detect alternate types of cancers or
cellular conditions.

4.2: CONCLUSION

In conclusion, photoacoustic flow cytometry can detect multiple melanoma cell lines in a
singular sample with 84.469% accuracy. These findings are imperative to developing a better
method to detect and monitor metastasized melanoma, before it is too late for treatment.

By knowing the individual cell lines absorbance, it was possible to use UV light to
increase certain absorbances in order for the cells to best be detected by the chosen 532nm
wavelength. From there, it was imperative to run each cell line individually to get an initial cell
count, prior to running the samples together, in a heterogenous sample.

Although there was a slight loss of cells between the individual and heterogenous sample
run, improved methods could aid in decreasing this loss, and thus increasing the overall
accuracy, possibly above 90% detection. These improved methods include cell and oil recovery,

new acoustic gel, and the implementation of L- tyrosine or tyrosinase. Further investigations
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should also include understanding the absorbance threshold for melanoma and the 532nm
wavelength laser.

Ultimately, it can be deduced that photoacoustic flow cytometry could be a viable, and
attractive method to improve the detection and monitoring process of metastatic melanoma in

clinical patients.
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APPENDIX

Melanoma Cell Culturing Protocols

Our cells:
1. HS936
2. HTB-71

3. SK- MEL- 3

Incubator:

1. Set the temperature of the incubator to 36.5°C
1. Temperatures greater than 37°C leads to cell death

2. Set the incubator to maintain 5.0% CO»

Media:
1. Unfreeze FBS (Fetal Bovine Serum) and Pen-Strep (Penicillin Streptomycin)
I. Both FBS and Pen-Strep are kept frozen in -20°C

2. Unchill DMEM (Dulbecco Modified Eagle Medium) to approximately room temperature

1. DMEM is found in the fridge (4°C)
3. Add
1. 50 mL FBS

2. 5 mL 100X Pen-Strep
to a 500 mL bottle of DMEM
3. Mix the contents by inverting the bottle a few times

4. Vacuum filter the media into a sterilized 500 mL bottle

5. Label / Date bottle

31



Store in fridge (4°C)

Unfreezing cells:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Unchill the media to room temperature

Close hood and turn on UV light

Open hood and turn on the blower of the hood

Wipe down everything inside of the hood and everything being used (including the
outside of the media bottle and the pipette) with 70% ethanol

Place the frozen cell vial in warm (~37°C) water until thawed (=2 min)

Add 1000 pL of sample into a 15 mL falcon tube

Add 2 mL of media 1 drop at a time over the course of about 2 minutes to not shock the
cells

Gently add the rest of the media until the tube is filled

Centrifuge for 10 minutes at 414 RCF (1600 RPM in lab centrifuge), being sure to
balance the centrifuge

Aspirate excess media, being careful not to disturb the pellet

Add 1 mL of new media to falcon tube

Mix the pellet and media gently with the pipette

Pipette cells and media into a sterilized T-25 cell culture flask

Add 3 mL of media

Label flask and incubate at 36.5°C / 5.0% CO»

1. Strain, date, initials, Gen 0

Turn off blower

Close hood and turn on UV light
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Changing Media

1. Media is typically changed every 2-3 days

2. Media turns yellow/orange when it becomes more acidic = needs to be changed

3. When a flask becomes extremely concentrated with cells (a confluent layer of cells stuck
to the flask), replace media with 5 mL

4. Be cautious in avoiding contamination of the flasks or media

1. Unchill the media to room temperature
2. Close hood and turn on the UV light
3. Open the hood and turn on the blower

4. Wipe down everything inside of the hood and everything being used with 70% ethanol

5. Pipette out old media
1. Can wash down sink if rinsed with water afterwards
6. Pipette in 4 mL of media (with a clean pipette)
7. Return cells to incubator
8. Turn off blower

9. Close hood and turn on UV light

Splitting the Cells
1. Track cell growth daily or every other day to determine when to split the cells
2. Split the cells if their growth has leveled off and 60-80% of the cells are stuck to the

bottom of the flask
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10.

11.

= not
stuck
D: stuck

Split the cells if there is a confluent layer stuck to the bottom

Unchill the media and 1X TrypLE ™ to room temperature

Close hood and turn on the UV light

Open the hood and turn on the blower

Wipe down everything inside of the hood and everything being used with 70% ethanol
Pipette out the media

Add 3 mL of TryplE

1. Wait 5 minutes
2. Look under the microscope to see if the cells have unattached from the bottom of
the flask

3. The flask might need tapped / flicked to completely lift the cells

Pipette out the TryplE and cells into a 15 mL falcon tube

Fill the falcon tube to the top with media

Centrifuge for 10 minutes at 1600 RPM, being sure to balance the centrifuge
Remove excess media, being careful not to disturb the pellet

Resuspend pellet with 3 mL of media for each flask the cells are being split into

1. If you are splitting the cells into 2 flasks, resuspend with 6 mL of media
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12. Gently mix cells and media with the pipette

13. Pipette the cells and 3 mL of media into each sterile flask

14. Add 1 mL of media to each flask for a total of 4 mL of media in each flask
15. Label with Strain/Date/Initial/Gen “x”

16. Turn off blower

17.  Close hood and turn on UV light

Freezing the Cells
18.  Our cells have about a 20-40% recovery rate
1. Unchill the media and 1X TryplE to room temperature

2. Place FBS and DMSO in a hot water bath until they are unfrozen
1. FBS is kept in the freezer
2. DMSO is kept in the fridge
3. Close hood and turn on the UV light
4. Open the hood and turn on the blower
5. Wipe down everything inside of the hood and everything being used with 70% ethanol
6. Pipette out the media

7. Add 3 mL of TryplE

1. Wait 5 minutes
2. Look under the microscope to see if the cells have unattached from the bottom of
the flask

3. The flask might need tapped / flicked to completely lift the cells

8. Pipette out the TryplE and cells into a 15 mL falcon tube
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Fill the falcon tube to the top with media

Centrifuge for 10 minutes at 414 RCF (1600 RPM in lab centrifuge), being sure to
balance the centrifuge

Remove excess media, being careful not to disturb the pellet
Label 2 mL freezer tubes (3 per flask) with cell name

Add 3 mL of FBS to the cell clump and then mix

Add 100 pL of DMSO to each 2 mL freezer tube

Add 1 mL of FBS and cells to each of the 2 mL freezer tubes
Briefly vortex each tube on the lowest setting

Place tubes in a freezer container and place in the -80.0°C freezer
Discard cell flasks

Turn off blower

Close hood and turn on UV light
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