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Abstract of Refining of NCSLC Microtissue Model for Functional Precision Medicine, by Daniel
Chait, ScM, Brown University, May 2025

Abstract

Objective: Lung cancer is the top cause of cancer-related deaths, expected to claim
227,000 lives by 2025. It has two main subtypes: Non-Small Cell Lung Cancer (NSCLC), which
comprises 85% of cases, and Small Cell Lung Cancer (SCLC). Major issues include delays in
diagnosis and treatment. A personalized treatment strategy, particularly through Functional
Precision Medicine (FPM), is essential, focusing on heterogeneity and sample size limitations.
Strategies like spheroid cultures and Optical Coherence Tomography (OCT) can address these
challenges. Methods: Aim 1: focuses on optimizing the spheroid development of A549 by
comparing different growth media (DMEM, RPMI, and F12k) and seeding densities (50 x 10, 100
x 103, 200 x 10% and 400 x 10°) to achieve optimal cell growth. For Aim 2: utilizing the best
spheroid development from Aim 1, a drug testing experiment was conducted with drugs (Cisplatin,
Sotorasib, and Afatinib) across dosage ranges of (0 uM, 0.7 uM, 7 uM, and 35 puM). Results: Aim
1: A549 spheroid development optimization revealed through morphological images, ATP
analysis, and Live/Dead analysis that the most optimal growth media and seeding density were
RPMI at a seeding density of 50k. Aim 2: The drug testing comparison study presented unexpected
results. Afatinib was the only drug to show a significant effect through ATP analysis, while
Cisplatin and Sotorasib demonstrated no statistically significant effects. Conclusion: In
conclusion, optimal A549 spheroid development using microtissue models was successful. Further
testing for drug studies is necessary due to inconclusive ATP data. Future OCT viability

assessments for drug testing A549 spheroids will occur.

Keywords: Lung Cancer, NSCLC, A549, 3D Cell Culture, FPM, ATP, Live/Dead, Drug Testing
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Chapter 1: Introduction

1.1: The Societal Effects of Lung Cancer

Lung cancer is at the forefront of cancer-related deaths across the entire globe. Having
two variations, lung cancer can be identified as either Non-Small Cell Lung Cancer (NSCLC) or
Small Cell Lung Cancer (SCLC). The American Cancer Society estimates that there will be
approximately 227,000 new lung cancer cases in 2025, with an estimated death toll of 125,000.
[1,2]. NSCLC makes up approximately 85% of all lung cancer-related cases, while SCLC
accounts for the other 15%. NSCLC can be subjected to three subtypes: adenocarcinoma,
squamous cell carcinoma, and large cell carcinoma. Adenocarcinomas grow on the outer parts of
the lung and are the most common subtype for all NSCLC cases, making up 40% [3-6].
Squamous cell carcinomas typically grow more slowly and generally arise in one of the bronchi
of the lungs. In contrast, the rarest subtype, large cell carcinoma, proliferates more rapidly and
often metastasizes more easily. The most significant challenge associated with NCLC stems
from its lethality, with an average 5-year survival rate of 28% for all stages combined [1,2].
Many complications arise from delays attributed to the patient's diagnosis and treatment [7,8].
1.2: A Personalized Method to Medicine

A more personalized approach might be most beneficial to both patients and physicians
when overcoming issues of treatment ineffectiveness. This customized approach to medical
treatment is also called precision medicine, which refrains from focusing on an “ideal average
patient” with a “one size fits all” mindset. Instead, it evaluates patients as individuals with their
unique genetic makeup. There are many factors to consider when creating a personalized
therapeutic guide for patients. The most common approach is evaluating the genetic profiling of

patients, also known as genome precision medicine. Genomic profiling within the field of
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oncology has led to tremendous breakthroughs. The study by Yang et al. identified many
germline and somatic variants that play vital roles in cancer progression and classifies many
unique structural variations and copy number variations that also affect cancer progression [9].
Genome precision medicine has many benefits, but it has its limitations. It does not consistently
predict tumor response to drugs, and the presence of heterogeneity can lead to chemoresistance,
hindering prolonged survival rates and accurate drug resistance predictions. [10]. The solution to
these limitations is to take a more functional precision medicine approach to oncology.
1.3: A Functional Approach to Personalized Medicine

Functional precision medicine (FPM) takes patient-derived tumor cells and screens them
using various drugs. Observing the biopsied tumor response creates a personalized therapeutic
guide for each patient. The variations within and among numerous tumor cells make it
insufficient to depend exclusively on genomic profiling. Even though some patients benefit from
this approach, more information regarding tumor cell vulnerability can be discovered through
FPM [11]. Practical challenges must be overcome to use FPM in a clinical environment.
Culturing the cells in a proliferative microenvironment comparable to in vivo is crucial when
using biopsied tumor cells. Switching from 2D cell culture to 3D/spheroid cell culture techniques
may address these challenges since 3D models better mimic the cells’ complex biological
processes, such as cell-to-cell and cell-to-matrix interactions [12-15]. Incorporating these
physiologically relevant factors in the model helps maintain its clinical relevance and ability to
predict drug response, which is crucial for the success of FPM.
1.4: Optical Coherence Tomography

Another substantial variable that must be addressed is the limited sample size. Testing

drug effectiveness immediately and over time is crucial for a patient’s well-being. A non-
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invasive, label-free assay capable of longitudinally evaluating 3D cell viability is essential. The
proposed solution is Optical Coherence Tomography (OCT), a non-invasive imaging technique
that uses light waves to capture cross-sectional images. Initially utilized for retina imaging, it
shows potential for capturing images of 3D tissue growth while detecting intracellular motion,
motility, and viability [16-18]. Compared to other viability imaging methods, OCT does not
utilize fluorescent dyes or reagents, which often have poor diffusion and may negatively
influence the samples, leading to skewed results. The contrast in OCT arises from the
backscattered light due to differences in refractive indices, providing a label-free contrast
compared to other fluorescence microscopies [16]. In a study by Jung et al., they demonstrated
the use of OCT compared to other established viability assays, such as cytotoxicity. A drug
testing experiment was conducted using ovarian cancer spheroid models with PDT, Carboplatin,
and their combination. The results indicated that OCT could predict therapeutic efficacy, which
cannot be achieved with traditional molecular assays such as Live/Dead [18]. It also correlated
apoptosis data with the nodular disruption analysis, providing additional information about the
evolution of treatment response. [18]. With further analysis and data collection, OCT could be
leveraged to assess the cell viability of various cancer tumor cells, thereby advancing the field of

precision medicine.
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Chapter 2: Aim 1: Media and Seeding Optimization for A549 Spheroid Development
2.1: Introduction

The A549 non-small cell lung cancer (NSCLC) cell line possesses a well-documented
history. Initially identified in 1972 by Giard et al., this line was derived from a biopsy and
culture of a cancerous tumor from a 58-year-old Caucasian male [19]. Since its discovery,
various oncological biomedical research studies have employed the squamous NSCLC cell line.
The experience of the A549 cell line in three-dimensional (3D) cell culture is limited compared
to other extensively studied cancer cell lines; therefore, the objective is to optimize the spheroid
development of the A549 cancer cells. The effective cultivation of suitable A549 organoid
models necessitates the identification of the optimal growth media and seeding density.

Cancer cells require appropriate growth media to proliferate; however, there is currently
no procedural standard for 3D A549 cells. The most common media options used or suggested
include F12K, DMEM/F12, and RPMI 1640. [20,21]. Moreover, the seeding density for A549
cells must be optimized using the specified 96-well 3D microtissue mold. In a study by Yildiz-
Ozturk et al., similar molds were utilized. Their findings indicated excessive seeding density
ranges, leading to numerous overgrown spheroid models [21]. As a reference, it was decided to
use smaller seeding values and the following seeding densities would be adopted: 50 x 103, 100 x
10, 200 x 10, and 400 x 103. Maximizing the growth potential of the 3D A549 spheroid model
is crucial, particularly for the forthcoming Functional Precision Medicine approach to drug

development screening.
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2.2: Methods & Materials

2.2.1: Cell Culture A549

NSCLC human alveolar epithelial cancer cells (A549; ATCC) were shipped and
cultured in Kaighn’s Modification of Ham’s F-12 Medium (21127022; Gibco™). Over several
weeks, some of the cells were slowly and methodically transitioned into two other recommended
media options based on ATCC recommended guidance [22]: Roswell Park Memorial Institute
1640 Medium (A1049101; Gibco™) and Dulbecco’s Modified Eagle Medium F12 (11320033;
Gibco™). All three media options were supplemented with 10% Fetal Bovine Serum (S11150;
GeminiBio) and 1% of 10,000 IU/mL penicillin/10,000 pg/ml streptomycin (ICN1670249;
Fisher-Scientific), and the cells were incubated at 5% CO, at 37 °C.

Prior to transitioning to three-dimensional culture, the cells were cultivated in T-
75 flasks (Cell Treat) with 15 mL of the specified media replenished every two to three days. A
passage was conducted on day seven, or when the confluence reached 75%. Increments of 2 mL,
2 mL, and 3 mL of 0.25% Trypsin-EDTA (25-200-056; GibcoTM) were administered to detach
the cell layer from the flask. The final 3 mL of Trypsin was retained in the flask on the cell layer
for seven minutes within the incubator. Subsequently, 12 mL of warm media was introduced into
the flask, followed by two rinses of the cell layer, after which the contents of the flask were
transferred to a 50 mL tube. The tube underwent centrifugation for six minutes at 125 x g.
Excess media and Trypsin were discarded, and the resulting cell pellet was loosened and
resuspended in 4 mL of warm media. In a 0.5 mL microcentrifuge tube, 56 pL of 0.4% Trypan
Blue (15-250-061; GibcoTM) was mixed with 6 pL of the cell suspension to achieve a 1:10 ratio.
Cell counting was performed using 10x magnification with a hemacytometer (02-671-6; Hausser

Scientific), applying 10 pL of the trypan/cell mixture on each side. Cell count calculations were
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executed to ascertain the requisite cell suspension, which was then transferred to a new T-75

flask containing 15 mL of media. Prior to placement in the incubator, the flask should be gently
rocked twenty times, followed by executing four figure-eights to ensure an even distribution of
cells throughout the flask. After visually inspecting the flask under the microscope (Leica DMil

Inverted Phase Contrast Microscope), it was placed in the incubator set at 5% CO2 and 37 °C.

2.2.2: A549 3D Microtissue Formation

Microtissue 3D petri dish micro-mold spheroids (2764043, Sigma-Aldrich) were
formed using a mixture of 100 mL of Phosphate Buffered Saline (10010049, Gibco™) and 2 g of
Agarose (16500100; Invitrogen™). Agarose molds were placed individually into a 24-well plate
and were equilibrated at least three times with incomplete media before seeding. A549 cells were
cultured into the 96-well microtissue molds with complete media. Seeding density varied from
50 x10°, 100 x 10°, 200 x10* and 400 x 103, accompanied by RPMI, DMEM or F12k for all
seeding densities. The spheroids were placed in an incubator for a week, and every two days,
morphology images of the spheroids were taken, followed by a media change. Imaging of the
cells was conducted using Leica DMil Inverted Phase Contrast Microscope on days 2, 4, and 6
in vitro to examine the morphological changes of the spheroids at each seeding density and
media option.

The gel seeding procedure is conducted similarly to the passaging procedure
mentioned in section 2.2.1. However, the calculations differ slightly during the calculation
process. The cell suspension and media volumes must be calculated for the number of gels
prepared. Once these calculations are made, the cell suspension and media are mixed. Twenty-
five minutes before seeding, the media in the wells should be aspirated and replaced with warm-

supplemented media. The wells, including the microtissue wells of the gels, should be aspirated
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gently. Once completed, 70 uL of the media/cell suspension mixture will be added to each
microtissue mold using a P200 in a dropwise manner to disperse the amount across the entire gel.
The gels should sit in the dark for 10 minutes before moving to the incubator for 20 minutes.
After 20 minutes, 1 mL of warmed media is added to each well of the 24-well plate, which is

then placed back in the incubator at 5% CO2 and 37 °C, with media changes every 2-3 days.

2.2.3: Morphology of A549 Spheroids
Morphology of A549 spheroids was collected on days 4, 5, and 6 in vitro using a
Leica DMil Inverted Phase Contrast Microscope. Images were taken for each media option
(DMEM, RPMI, and F12k) and each seeding density (50 x10%, 100 x 103, 200 x10* and 400 x
10%). Approximately 15 spheroids can be captured per image at 10x magnification. When
examining the morphology of spheroids, it is essential to consider various phenotypic properties,
such as growth rate and overall size, as they provide insight into overall health cells.
2.2.4: CellTiter-Glo Cell Viability Assay
A549 microtissue molds were gently removed from the 24-well plate and placed
individually into 35 mm Petri dishes with 3-4 mL of the designated media. Spheroids were
extracted by gently flushing media over the gels using a P1000 pipette. Once isolated, a P200
pipette with the tip trimmed to prevent spheroid shearing was used to move a single spheroid
along with 90 pL of media to a 96-well plate, and the P200 tip was trimmed to avoid the
shearing of the cells. Imaging of the spheroid in each well was conducted using a Leica DMil
inverted phase contrast microscope to analyze the pixel area of the spheroid, which was utilized
for normalization of the ATP results. Using a multi-channel pipet, room-temperature ATP assay
reagent (CellTiter-Glo, Promega) was added to each occupied well at 90 pL. Post-treatment of

ATP reagent, the 96-well plates were transported to the plate rocker for 5 minutes at 150 RPM;
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once completed, the plate was left to sit at room temperature for 25 minutes. Post-rest, the plates
were placed into a microplate reader (Synergy HTX, BioTek), measuring the luminescence of
the spheroids with ATP reagent.
2.2.5: Live/Dead Viability Assay
A549 gels cultured in RPMI and DMEM at 50k and 100k seeding densities were
placed individually into sterile 24-well plates, each receiving 1 mL of warm media mixed with 2
uL/mL of ethidium homodimer and 0.5 pL/mL of Calcein-AM. The samples were incubated at
37 °C with 5% COg, shielded from light for 30 minutes. Subsequent gel imaging was performed
using a Zeiss Axivert 100 inverted fluorescence microscope at 10x magnification. Twelve tiles
were captured and stitched with Zeiss’s Zen Pro software, employing Brightfield, EGFP, and
Alexa Fluor 568 presets [23]. The microtissues were segmented to ensure a consistent baseline,
with adjustments to reduce noise levels.
2.2.6: Statistical Analysis: Spheroid Optimization
CellTiter-Glo Assay was performed by taking eight microtissue replicates per

condition for three weeks. A549 cells’ ATP data was standardized using the cross-sectional area

using the operation, — AT After normalizing the data, a linear Mixed-Effect (LME) model

Pixel Area

was executed using JMP PRO 17 software (Cary, NC). The LME model considered factors like
media and seeding density as full factorials, while the random effect accounted for the variations
in passages performed across biological replicates. This analysis allowed for a side-by-side
comparison of conditions, facilitating the identification of the most optimal media and seeding
density.

Live/Dead assay analysis was conducted by segmenting 20 microtissue spheroids

per condition using MATLAB code. Segmentation was done manually, and 10 spheroids were
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selected per microtissue mold per condition. The code then extracted various outputs, primarily

focusing on intensity fraction and area fraction. The intensity fraction is calculated from the

Ly

following equation: /F= . Live intensity was determined by the amount of Calcein in the

Li+Djy
EGFP channel, while dead intensity was determined by the amount of ethidium homodimer

present in the Alexa Fluor 568 channel [23]. Area fraction was calculated using the following

AL

equation: AF = . Area live is determined by the number of pixels with a live signal in a

L+Ap
spheroid, while area dead is based on the number of pixels with a spheroid. The data was
analyzed using an LME model on JMP PRO 17 software to determine optimal media and
seeding densities. The LME model considered factors like media and seeding density as full
factorials, while the random effect accounted for the variations in passages performed across

biological replicates.
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2.3: Results
2.3.1: Morphology of A549 Spheroids

The optimization of both media and seeding density for A549 spheroids was
examined through morphology and assay development to determine the best environment for
growing 3D NSCLC cells. Morphology imaging was conducted for all underlying conditions; the
images were captured on days 2, 4, and 6 in vitro. In examining spheroid development, it was
found that media was not a significant factor in morphology, as F12k, DMEM, and RPMI
exhibited similar morphological growth throughout the week. However, seeding density did

show some observable morphological differences, as illustrated in Figures 1-3.
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Figure 1: RPMI A549 spheroids at days in vitro (DIV) 2,4 and 6 at seeding densities 50
x10°, 100 x 10°, 200 x10°, and 400 x 10°.
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Figure 2: DMEM A549 spheroids at days in vitro (DIV) 2,4 and 6 at seeding densities 50

x10°, 100 x 10°, 200 x10°, and 400 x 10°.
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Figure 3: F12k A549 spheroids at days in vitro (DIV) 2,4 and 6 at seeding densities 50

x10°, 100 x 10°, 200 x10°, and 400 x 10°.




The morphological images of the A549 spheroids revealed new insights.
Although the growth media displayed no noticeable differences, the seeding density did.
Analyzing the morphological images of 200k and 400k seeding across all three media options
reveals that by DIV 4, the spheroids have completely matured within their microtissue wells,
presented in Figures 1-3. This overgrowth can result in various complications, especially cell
death. Cells in the center consistently grow atop one another, limiting their access to essential
nutrients from the media changes, leading to higher cell death rates. Compared to the 50k and
100k seeding densities, it is observed that by DIV 4, as shown in Figures 1-3, they have not
entirely encapsulated in the microwell. This leads to more uniform cell growth and proliferation,

making them very favorable for 7-day cell culture experiments.

2.3.2: ATP A549 Optimization
On day 7 in vitro, the ATP cell viability assay was performed on the microtissue

gels with eight replicate spheroids gently removed for each conditional variable. The following

ATP

- . The concentration of ATP is
Pixel Area

operation was performed to normalize the ATP data:

directly associated with a specific area defined as pixels or groups of pixels in an image that
quantify ATP in cells [24]. The data were analyzed using the LME model with a Tukey HSD
test, comparing the conditional variables side-by-side using the Least Square Means (LSM)

model; p-value <0.0001 indicates the most significance, as seen in Figures 4-7 and Tables 1-4.
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Figure 4:Normalized RPMI ATP data across all seeding densities
with three biological replicates from passages 1-3.
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Figure 5: Normalized ATP data in DMEM across all seeding
densities with three biological replicates from passages 1-3.
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Figure 6: Normalized ATP data in F12k across all seeding densities
with three biological replicates from passages 1-3.
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illustrated by error bars.
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Media Least Squares Means

RPMI A 0.0357
DMEM | A 0.0345
Fi2k B 0.0301

Table 1: LME analysis with Tukey HSD test presents the LSM model for all pairwise
comparisons among all media options. Letters with no connections indicate significance.

Media -Media Prob>|t|
DMEM F12k <.0001*
DMEM RPMI 0.3242

F12k RPMI <.0001*

Table 2: The comparison of different media options can be visualized by the relative p-
value obtained from side-by-side media evaluations.

%:,ﬁ?; Least Squares Means
S0k A 0.0413
100k B 0.0330
200k B 0.0310
400k C 0.0283

Table 3: LME analysis with Tukey HSD test presents the LSM model for all pairwise
comparisons among all seeding density options. Those with non-connected letters showed
significance.

Seeding -Seeding Prob>|t|
Density Density
50k 100k <.0001*
50k 200k <.0001*
50k 400k <.0001*
100k 200k 0.1637
100k 400k <.0001*
200k 400k 0.0393*

Table 4: The comparison of different seeding densities can be visualized by the relative
p-value obtained from side-by-side seeding evaluations.
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The pixel area of the spheroids was used to normalize the ATP data seen in
Figures 4-7, which was then analyzed using the LME model. It was discovered that optimal
growth media and seeding density existed. When comparing the media options side-by-side, a
Tukey HSD test was conducted to evaluate all pairwise connections using an LMS model, as
shown in Table 1. The results indicated that F12k performed worse, as demonstrated by the
significant difference when compared to RPMI and DMEM. RPMI and DMEM were considered
equally optimal, with no significant difference between them. The analysis of media options
extends further with a significance table that displays the relative p-value for each media
comparison. It was determined that F12k had a significance level of p < 0.0001 compared to
RPMI and DMEM, as illustrated in Table 2. A similar comparison was carried out for DMEM
and RPMI, but no significance was detected. Further testing is needed between DMEM and

RPMI to determine the most optimal growth media.

The optimization of seeding density was analyzed using ATP data in a consistent
format. Each of the four seeding densities underwent evaluation through all pairwise comparison
Tukey HSD test, supported by an LMS model, as shown in Table 3. The table showed that by
day 7, there was some level of significance between the seeding densities. There are three levels
to the all-pairwise comparison. On its own, the 50k seeding showed the most promise, while the
100k and 200k options fell behind, and the 400k performed poorly in comparison. These points
are further supported by the significance level when comparing the seeding densities head-to-
head, represented by a p-value of p <0.0001 being the most significant, as illustrated in Table 4.
The comparison of 50k to all other seeding options showed significance, while 100k and 200k
did not show significance to each other. A comparison of 100k and 400k revealed significance,
whereas 200k and 400k also exhibited significant differences. The p-value for the 200k and 400k
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comparison was not significant at < 0.0001, but the asterisk next to the values indicates there is
significance between the two variables. The optimal seeding density for 7 days in vitro is 50k;
additional testing will be conducted to compare 50k and 100k for 5 days in vitro. This
experiment aims to determine whether a 50k seeding is optimal for day 5 experiments moving

forward.

2.3.3: Live/Dead Analysis Media Optimization

Further analysis was required to optimize media and seeding density after
examining the data from the ATP assay. A Live/Dead assay was conducted on day 5 in vitro,
utilizing two replicates for each condition to ascertain the most optimal growth media and
seeding density effectively. Live/Dead assay will consider the variables Intensity Fraction and

Area Fraction. The analysis identified only one significant variable: Intensity fraction. Intensity

Ly

fraction is calculated using the following formula: /F= . The data were analyzed using the

Li+Dg
LME model with a Tukey HSD test, comparing the remaining media options and seeding density
side-by-side, with a p-value <0.0001 indicating significance, as illustrated in Figure 8 and

Tables 5 and 6.
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Figure 8: Intensity fraction values displayed per condition, line of best fit was implemented to
visualize the data points for side-by-side comparisons between conditions.

. Seeding Least Squares
Media Density Means
RPMI 100k | A 0.815
RPMI 50k | A 0.799

DMEM 50k B 0.766
DMRM 100k B 0.756

Table 5: LME analysis with Tukey HSD test presents the LSM model for all pairwise
comparisons among all remaining conditions. Those with non-connected letters show
significance. These comparisons were made based on the intensity fraction value.

Media Seeding | -Media -Seeding | Prob>|t|
DMEM 50 DMEM 100 0.7956
DMEM 50 RPMI 50 0.0260*
DMEM 50 RPMI 100 0.0002*
DMEM 100 RPMI 50 0.0014*
DMEM 100 RPMI 100 <.0001*

RPMI 50 RPMI 100 0.4978

Table 6: That significance can be visualized by the relative p-value based on the side-by-
side media comparison with seeding density.

Out of 20 segmented microtissue wells per condition, 10 were selected using MATLAB
code for Live/Dead analysis. Intensity fraction was the only variable tested that showed any

significance between media options, which was calculated using the following equation:

Ly
L[+D1.

IF=

The intensity fraction data for both RPMI and DMEM is compared simultaneously in

Figure 8. The data was analyzed using an LME model, and further comparison was performed
between the two remaining media options. The pairwise comparison of Tukey HSD assessments

was conducted using the LMS model for further support, as shown in Table 5. When evaluating
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the media and seeding densities in this format, it is evident that RPMI at either 50k or 100k is the
most optimal for A549 spheroid development. To further support this claim, Table 6 displays the
significant variance between each combination, with a p-value of p < 0.0001 being the most
significant. In most cases, DMEM showed substantial differences from RPMI; although the p-
values are not < 0.0001, they remain significant based on the asterisks next to the values.
Seeding density showed no statistical difference between 50k and 100k, indicating they are the

same on day 5 in vitro.
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2.4 Discussion and Conclusion

2.4.1: Morphology of A549 Spheroids

3D cell culture was first developed in the early 1990s, incorporating extracellular
substrates from in vivo cells into in vitro experimental models [25]. These 3D in vitro models
have been used in various research in the field of biomedical sciences, especially in oncology
research. When 3D cell culture models are used for drug testing, they show entirely different
results compared 2D cell culture models due to their ability to have cell-cell interaction and
extracellular matrix changes typically associated to in-vitro [25-28]. The A549 cell line has a
well-researched history, but there is limited research focused explicitly on 3D/spheroid cell
cultures. These challenges result from the cancer itself; the lung features many elongated narrow
cavities where the tumor develops, creating an environment that presents multiple challenges and
resulting in unique culture methods. A widely used 3D culture method known as hanging drop is
popular for its cost-effectiveness and ability to produce cellular heterogeneity and hypoxic
spheroids [29]. It also has limitations, such as differences in spheroid diameter, low throughput,
and a reduction in oxygen and nutrients due to its non-microfluidic nature environment [30].
Many other methods also exist but come with cost and time limitations. Using 96-microtissue
well molds establishes an optimal environment for spheroid growth and effectively demonstrates
the typical intercellular and intracellular processes that can only be observed in vivo.

The primary objective of developing A549 3D cell cultures is to address the
limitations inherent in conventional monolayer cell cultures, particularly regarding tumor cell
heterogeneity and tissue architecture [31]. Many factors contribute to maximizing the growth of
these NSCLC spheroid models. Growth media is crucial in providing cells with the necessary

nutrients for their development and maintenance. Some cell types might need certain non-
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essential amino acids to assist in these cellular processes more effectively. [32]. Accurately
determining the optimal seeding density is essential, as overseeding and under-seeding can
adversely affect experimental outcomes if the cells do not receive adequate growth conditions.
This is illustrated in the article by Yildiz-Ozturk et al., who utilized the same molds but tested a
broader range of seeding densities. Their seeding densities of 5x10 *5 and 1x10"6 became

overgrown and deemed unsuitable for future experimentation [21].

2.4.2: ATP Analysis of A549 Spheroids

The ATP assay was performed on day 7 in vitro. This viability assay is commonly
used due to its ability to estimate the number of viable cells in High Throughput Screenings
(HTS). When cells lose their membrane integrity, their ability to synthesize ATP through
metabolism diminishes, leading to the depletion of remaining ATP in the cytoplasm [33]. ATP
assay is a versatile and straightforward assessment that can provide insight into a cell's inner
membrane environment. The greater the amount of ATP a cell produces, the more it is typically
linked to a larger number of living cells, indicating the viability and proliferation of the cell.

When optimizing cell culture, it is essential to produce viable cells that exhibit a
strong rate of proliferation and viability. Cell proliferation is a crucial indicator for understanding
the inner biological processes, including genes, proteins, and pathways, and how they influence
the overall survival and death of a cell [34]. All cells within the human body, whether healthy or
cancerous, rely on specific proteins to promote growth and vitality, resulting in prolonged cell
viability. Each growth medium has its own properties of nutrients, gelling agents, and other
essential components that foster cell growth. Every organism has optimal growth requirements,
which is also true for living cell culture models. Improved growth can result in enhanced models,

leading to more successful experimental outcomes benefiting patients. Evaluating the A549
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spheroids using the ATP viability assay is crucial for understanding their proliferation potential
and identifying the media and seeding requirements that yield the best results.
2.4.3: Live/Dead Assay Optimization of A549 Spheroids

The ATP assay assessed the viability and proliferation of the A549 spheroids
under various media and seeding density options. RPMI and DMEM showed no significant
differences in their ATP analysis, indicating that the metabolic viability of the spheroids is
statistically the same. Further testing is required to identify the optimal growth media for A549
spheroids. The Live/Dead assay assessment will determine the number of live and dead cells
present within individual spheroids. Live cells will be stained green using Calcein-AM, a pro-
fluorescent marker. This marker is commonly used to assess cytotoxicity because live cells
upregulate it. The cytoplasmic esterase activity in live cells removes the AM group, forming
fluorescent Calcein within those cells [35]. Dead cells are stained red by Ethidium homodimer, a
viability stain with a high affinity for nucleic acids compared to other dyes, which aids its ability
to not require a washing step, unlike Propidium lodide [36].

The Live/Dead assay will provide additional insights into cell viability. We know
that media options like DMEM and RPMI supply sufficient nutrients for cell proliferation.
However, we need to determine how many of these cells are alive and emitting ATP signals.
Spheroids are unlike typical 2D cell cultures; they form a rod within the microtissue wells being
constructed as a culmination of multiple cells. A spheroid itself will emit signs of viability and
proliferation, but examining the individual cells that make up the spheroid is just as important.
Optimizing the overall development of A549 spheroids involves troubleshooting and examining

every aspect of the spheroids to ensure the best results.
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2.4.4: Conclusion
To sum up, based on the data collected through morphological imaging and assay
assessment of both ATP and Live/Dead, the most optimal growth media and seeding density for
A549 spheroid development can be determined. According to the data from both ATP and
Live/Dead, RPMI 1640 is the optimal media for A549 3D culture. The seeding density
optimization for A549 spheroids was 50k, determined through morphology and ATP assay and
further validated by a Live/Dead assay. In aim 2, A549 spheroids will be cultured in RPMI at a

seeding density of 50k for drug testing analysis.
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Chapter 3: Aim 2: Testing Chemosensitivity of A549 Spheroids using Viability Assay
Imaging
3.1: Introduction

The FPM approach involves administering drugs directly to patient-derived tumor cells to
generate insights for personalized therapeutic guidance [37]. This strategy is being implemented
in the drug testing of the A549 NSCLC spheroids developed in Aim 1. A drug test aims to
evaluate the overall presence or absence of specific drugs or their metabolites in a biological
sample [38]. Many drugs aim to treat many variants of NSCLC; the three that will be of focus
are Cisplatin, Sotorasib, and Afatinib. Cisplatin is considered a first-line therapy, usually given
alone or in combination with another therapy, also referred to as Platinum-based combination
therapy. Sotorasib and Afatinib belong to the same drug family, as they are both targeted
therapies. Targeted therapies in cancer treatment are drugs that target specific proteins causing
cancer to proliferate and grow [39].

Cisplatin, a platinum-based therapy, causes cells to enter cell death through apoptosis.
Apoptosis occurs when cisplatin covalently binds to amino acids, resulting in DNA strand
breaking and triggering apoptotic cell death [40]. A study by Mohiduddin et al. concluded that
monotherapy with Cisplatin is more effective at targeting KRAS-dependent A549 cells than
combined with pemetrexed or pemetrexed alone [41]. Sotorasib is a targeted therapy for the
KRAS G12C mutation. The KRAS mutation occurs in A549 cells, specifically G12S variant.
Although it differs slightly, the aim is to determine whether the serine substitution produces a
similar therapeutic effect as the cysteine change. Sotorasib binds to the KRAS mutation, keeping
the cysteine protein inactive, inhibiting signaling pathways associated with cellular growth

proliferation. [42]. Afatinib is a targeted therapy directed at the EGFR mutation and is
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considered a second-line treatment for advanced squamous cell carcinoma. Afatinib works by
inversely inhibiting Epidermal Growth Factor Receptor (EGFR), which plays a crucial role in
tumor cell proliferation [43]. A549 cells are commonly used in EGFR research and are typically
regarded as wildtype in these studies, indicating that Afatinib is expected to have a minimal

effect on A549 cells.

35



3.2: Methods & Materials

3.2.1: Cell Culture & Microtissue Formation

Human NSCLC alveolar epithelial cancer cells (A549; ATCC) were cultivated in
the optimal media identified from our findings in aim 1: Roswell Park Memorial Institute 1640
Medium (A1049101; Gibco™). RPMI was supplemented with 10% Fetal Bovine Serum
(S11150; GeminiBio) and 1% of 10,000 IU/mL penicillin/10,000 pg/ml streptomycin
(ICN1670249; Fisher-Scientific), then incubated in a 5% CO- environment at 37°C. To form
spheroids, we used the previously stated conditions; a seeding density of 50 x 10° was deemed
most optimal through data analysis for a 7-day drug testing experiment.

3.2.2: A549 Spheroid Drug Dosing

Five days after seeding into gels, A549 microtissues were treated with various
drugs: 3181.81 uM of Cisplatin (Sigma-Aldrich, 1003757368), 35,000 uM of Sotarasib (Sigma-
Aldrich, SRR00089), and 35,000 uM of Afatanib (Sigma-Aldrich, SML3109). 25 mg of
Cisplatin was dissolved in saline (NaCl, Sigma-Aldrich; 15230162, Gibco™) to obtain a stock
concentration of 3181.81 uM. 5 mg of Sotorasib and 10 mg of Afatanib were dissolved in
Dimethyl Sulfoxide (MT-25950CQC, Corning) to obtain a stock concentration of 35,000 uM for
both. The stock solution provided a concentration of 35 uM, while the lower final concentrations
of 0.7 and 7 uM were diluted from this stock. The control group, however, used saline/DMSO
and media without dilution from the stock solution. The concentration levels were increased
from the original 0.5, 5, and 25 uM due to the displacement within the gels, which accounts for
the 1.4x increase in dosage. Each drug and dosing condition is represented by 2 microtissue
replicates in a 24-well plate. After dosing, the A549 microtissues were placed back into the

incubator at 5% CO> at 37°C for 72 hours. Phase contrast images were captured using a Leica
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DMil Inverted Phase Contrast Microscope, both prior to dosage and after a 72-hour exposure to

the drugs, to assess any morphological changes in the cells.

3.2.3: CellTiter-Glo Cell Viability Assay: Drug Testing
Microtissue gels were removed from the 24-well plate and placed into 35 mm
Petri dishes with 3-4 mL of specified media. Spheroids were rinsed from the gels using media.
After isolation, they were transferred to a 96-well plate with 90 pL of media, and the tip was
shortened to prevent damaging the cells. Imaging was performed for the spheroid in each well to
assess its pixel area, which served as a basis for normalizing the ATP results. A multi-channel
pipette was used to add 90 pL of room-temperature ATP assay reagent (CellTiter-Glo, Promega)
to each well. The plates were moved to a plate rocker for 5 minutes at 150 RPM and left at room
temperature for 25 minutes. Finally, the plates were placed in a microplate reader (Synergy
HTX, BioTek) to measure the luminescence of the spheroids with the ATP reagent.
3.2.4: Statistical Analysis
The CellTiter-Glo Assay involved eight microtissue replicates per condition over

three weeks. The ATP data for A549 cells was standardized based on the cross-sectional area.

The operation used to normalize ATP by the pixel area of the spheroids was: % . After

normalizing the data, an LME model with full factorial of drug and dosage with a randosme
effect of passage (week) was executed using JMP PRO 17 software (Cary, NC). This analysis
enabled a side-by-side comparison of all the drugs and their dosage ranges, making it easier to
identify all the drug effects for Cisplatin, Sotorasib, and Afatinib regarding cell viability and

proliferation.
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3.3 Results

3.3.1 Drug Testing A549 Spheroids Using ATP Assay

The ATP assay was performed on day 7, following a 72-hour exposure period. On

day 5, Cisplatin, Sotorasib, and Afatinib were dosed to the spheroids at dosage ranges of 0.7, 7,

and 35 uM, and the control group at zero uM. Morphology of the microtissue molds was taken

pre-dosage and post-dosage for the three drugs at each of the dosages before ATP assessment,

shown in Figures 9-11. The spheroids were carefully removed from the microtissue molds, with

eight replicate spheroids collected for each drug and dosage. During this stage, it was found that

Afatinib at 35 uM could not undergo ATP testing due to the complete disintegration of all

spheroids after being removed from the mold, as illustrated in Figure 12. The ATP data was

normalized using the operation:

Pixel Area

graphed in Figures 13-15, and further analysis was performed using an LME model. Least

Square Means (LSM) plots were implemented to thoroughly examine the drug effect of

— A" The ATP, pixel area, and normalized ATP data were

Cisplatin, Sotorasib, and Afatinib simultaneously for drug and dosage for ATP, Pixel Area and

Normalized ATP data, as shown in Figures 16-18.
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Figure 9: Morphology images pre- (DIV 5) and post-dosage (DIV 7) of 0, 0.7, 7 and 35

uM of Cisplatin.
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Figure 10: Morphology images pre- (DIV 5) and post-dosage (DIV 7) of 0, 0.7, 7 and 35
uM of Sotorasib.
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Figure 11: Morphology images pre- (DIV 5) and post-dosage (DIV 7) of 0, 0.7, 7 and 35
uM of Afatinib.
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Figure 12: Examples of spheroid morphologies disrupted by high-dose drug
administration.
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Figure 13: ATP data results for all drugs (Afatinib, Cisplatin, &
Sotorasib) at each dosage (0 uM, 0.7 uM, 7 uM and 35 uM) compared
side-by-side with standard deviation parameters included by the error
bars. 35 uM could not be included for Afatinib due to the lack of any
ATP.

40



100000 -

80000 -

60000~

40000

Spheroid Area

20000

0-

| [ Sotorasib
‘ ‘ ‘ ‘ ‘ I Standard Deviation
0 07 7 0 07 7 0 07 7
Afatanib Cisplatin Sotoras1b
Drug / Dosage

- Afatanib
- Cisplatin

Figure 14: Pixel Area data results for all drugs (Afatinib, Cisplatin, &
Sotorasib) at each dosage (0 uM, 0.7 uM, 7 and 35 uM) compared side-by-
side with standard deviation parameters included by the error bars. 35 uM
could not be included for Afatinib due to the lack of viable spheroids for the
pixel area analysis, skewing the results.
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Figure 15: Normalized ATP data results for all drugs (Afatinib,
Cisplatin, & Sotorasib) at each dosage (0 uM, 0.7 uM, 7 uM and 35
uM) compared side-by-side with standard deviation parameters
included by error bars. 35 uM could not be included for Afatinib due
to the lack of any ATP/Pexel Area values for that dosage because of
spheroids disintegration, skewing the resullts.
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Figure 16: LSM plot of ATP data for all drugs (Afatinib,
Cisplatin, and Sotorasib) with each dosage (0 uM, 0.7 uM, 7 uM)
compared simultaneously. The 35 uM dosage could not be included
because Afatinib has no ATP values for that level due to the
disintegration of spheroids, skewing the results. Confidence limits
are illustrated with the addition of error bars.
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Figure 17: LSM plot of Pixel Area data for all drugs (Afatinib,
Cisplatin, and Sotorasib) with each dosage (0 uM, 0.7 uM, 7 uM) compared
simultaneously. The 35 uM dosage could not be included because Afatinib does
not have spheroids for Pixel Area analysis due to disintegration, skewing the
results. Confidence limits are illustrated with the addition of error bars.
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Figure 18: LSM plot of Normalized ATP data for all drugs (Afatinib,
Cisplatin, and Sotorasib) with each dosage (0 uM, 0.7 uM, 7 uM) compared
simultaneously. The 35 uM dosage could not be included because Afatinib
does not have spheroids for ATP/Pixel Area analysis due to disintegration,
skewing the results. Confidence limits are illustrated with the addition of
error bars.

The morphology of the cells was assessed both before and after administering the three
drugs (Cisplatin, Sotorasib, and Afatinib). Inside the microtissue wells, there were no observable
differences following the 72-hour exposure period, as evidenced by the images in Figures 9-11.
Once ATP analysis was conducted, it was found that after gently removing the spheroids
administered with Afatinib at 35 uM from the microtissue molds, they could not maintain their

spheroid shape and completely dissociated, as illustrated in Figure 12. The complete

43



disintegration of the A549 spheroids renders ATP analysis for Afatinib at 35 uM impossible,
resulting in a value of O for all data. ATP assay was performed for the remaining conditions
without any issues.

ATP data was normalized using the pixel area of the individual spheroids using the

following operation: . It is common practice to normalize ATP data because certain

Pixel Area

cell-based features influence the oxygen consumption rate, which directly affects the results.
Nevertheless, the normalized data from this experiment may have concealed the overall impact
of the drugs. Raw ATP and pixel area are included in the analysis. The data collected from ATP,
pixel area, and normalized ATP were all graphed individually, comparing the drugs and the
dosages simultaneously, along with standard deviation error bars, as seen in Figures 13-15. ATP
and pixel area graphs are included to demonstrate the drug effect trend that normalized ATP data
cannot assess. The complete breakdown of spheroids at 35 uM Afatinib prevented data
collection, thus excluding this concentration from all data sets in the drug effect comparison
study. When comparing the drugs side-by-side, it is evident that both ATP and pixel area
indicate a drug effect for Afatinib, as demonstrated by the decrease in the overall trend line for
ATP and pixel area. This same effect was not seen in Cisplatin or Sotorasib, as shown in the
LMS plot in Figures 16 & 17. ATP analysis indicates that Afatinib is affecting both the
proliferation and viability of the A549 cells, as seen in the change from 0 uM to 7 uM.
Conversely, Cisplatin and Sotorasib may be demonstrating the ability to slow or stop the growth
of A549 spheroids, yet additional testing is required to confirm these findings. After normalizing
the data, as shown in the LMS plot in Figure 18, it was found that no drug exhibited any

statistically relevant drug effect for the A549 spheroids. This potentially means that ATP per
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pixel area is considerably normal, indicating that for the size of the spheroids, the amount of

ATP produced is proportional for each of the three dosages.
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3.4: Discussion and Conclusion
3.4.1: Drug Testing Analysis for NSCLC Spheroids

ATP analysis assessed cell proliferation and viability changes after dosing the
A549 spheroids with drugs (Cisplatin, Sotorasib, and Afatinib) at concentrations of 0.7, 7, and 35
UM. A decrease in viable cells can lead to two primary outcomes: the inhibition of cell
metabolism and/or proliferation or cell death [44]. Afatinib had significant changes to viability
and proliferation, as seen by the individual analysis of ATP and pixel area data. This outcome
was unexpected because A549 cells are wildtype to Afatinib drug, yet they exhibited the most
potent drug effect in the ATP assay. The mechanism of action for Afatinib is that it inhibits
EGFR mutation in the cell, which is a major contributor to tumor cell proliferation [43]. The
gene copy number of EGFR in A549 cells is estimated to be approximately 2.8, further
supporting this data. [45]. Additional analysis is essential to thoroughly comprehend the extent to
which EGFR influences the proliferation and growth of A549 cells.

Even though Sotorasib targets the KRAS mutation, the difference between the
cysteine and serine substitutions is too significant, and the drug does not provide the same effect
observed by ATP analysis. The inhibition resulting from Sotorasib's mechanism of action is
expected to disrupt signals related to cell growth and proliferation, which should be observable
in the ATP assay. In the study by Barrios-Bernal et al., they discuss a combination therapy of
Sotorasib with Metformin, which exhibited promising results for cytotoxicity and apoptosis of
the G12S KRAS mutation [46]. Sotorasib alone does not show the same effects on A549 G12S
KRAS mutated cells as seen with the combination therapy; further analysis is needed to
substantiate this assertion. Cisplatin, like Sotorasib, demonstrated a nonsignificant drug effect on

the A549 spheroids. Cisplatin is a chemotherapy used in many cancer treatments due to its high
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potency to destroy both tumor cells and health cells through apoptotic cell death. Overall, ATP
analysis proved it did not affect A549 spheroids. Baek et al. explain that the A549 spheroid's
diameter remains unchanged until reaching a dosage threshold of approximately 50 uM [47]. In
our drug testing comparison study, we did not surpass a dosage of 35 uM. Therefore, further
analysis with higher dosages may be necessary to confirm this data.
3.4.2: Conclusion
In short, ATP analysis provided preliminary insight into the drug effect of A549
spheroids using the drugs (Cisplatin, Sotorasib, and Afatinib). Even though Afatinib displayed
drug effect, it could only be evident under unnormalized data conditions. Although widely used,
the ATP assay may not be the most effective measure of proliferation for specific drugs, as seen
in the ATP LME graphs in the study by Zein-Sabatto et al. [48]. Factors such as higher dosages
may need to be evaluated for Sotorasib and Cisplatin to assess any significant ATP effect.
Further testing with ATP can still be conducted to better understand whether the halting or
slowing of proliferation by Sotorasib and Cisplatin is accurate by reducing the exposure time of
the drugs to 24 and 48 hours.
3.4.3: Future Work
Further analysis must be conducted with ATP data before proceeding to future
experiments. The use of Optical Coherence Tomography for drug testing analysis of A549

spheroids as a Functional Precision Medicine approach still needs to be performed in the future.
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