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CHAPTER I: INTRODUCTION AND BACKGROUND

Endometrium Biology

The endometrium is the mucosal tissue that lines the uterine cavity. Its primary function

is to provide a stable, nourishing
] o . 2 SR o RPN
environment for embryonic implantation > \ - ”'Wf&;ﬁ 2
Stratum glandular epithelium ’?%4& 3 & .
and fetal development. The endometrium oo stroma cel Qﬁ\&n%f}, (-
consists of two distinct layers: stratum Sraum REeE s K
400x
basalis and stratum functionalis (Fig. 1).
Myometrium
Both regions are vascularized and reside o
Figure 1. H&E staining of endometrial tissue.
medial to the myometrium.! Left: 40x magnification; Right: 400x
magnification.

The stratum basalis or basal layer lies adjacent to the smooth muscle of the uterus (i.e.
myometrium) and serves to sufficiently secure the endometrium within the uterine cavity. The
growth and maintenance of the stratum basalis is largely independent of hormonal fluctuations
throughout the menstrual cycle. Furthermore, stem cells within this region enable the
regeneration of the stratum functionalis. The stratum functionalis or functional layer is primarily
comprised of specialized stromal cells and epithelial cells (e.g., surface and glandular). This
layer also contains endothelial cells that form a network of blood vessels that traverse the tissue.
Unlike the basal layer, growth and differentiations of the functional layer are highly regulated by
steroid hormone concentrations. The characteristic cyclical proliferative and menstrual phases of
the reproductive-age women is attributed to the estrogen- and progesterone-dependent
stimulation of the stratum functionalis. Additionally, the immune cell populations within the

endometrium fluctuate throughout the menstrual cycle in response to hormonal changes.!?



The typical menstrual cycle ranges between 25 and 35 days and contains distinct stages
that are regulated by steroids.3* The phases of the menstrual cycle are the menstrual,
proliferative, and the secretory phases.® Menstruation is characterized by the shedding of the
endometrium, specifically, the stratum functionalis. During this phase, most women experience
blood expulsion through the vaginal cavity that typically lasts between three and seven days. The
proliferative phase consists of high rates of endometrial cell division/proliferation in response to
increased estrogen concentrations. This results in endometrial thickening prior to ovulation.
Lastly, the secretory phase is dominated by progesterone and, to a lesser extent, estrogen. These
hormones promote endometrial differentiation in preparation for embryonic implantation. In the
absence of pregnancy, the corpus luteum degrades, hormone concentrations dramatically

decrease, the onset of menstruation occurs, and the cycle repeats.®

As previously mentioned, the menstrual cycle occurs about once every month in the
absence of pregnancy. Menstrual cycles first begin shortly after the onset of puberty, become
irregular with the onset of menopause, then eventually cease. For most biological females, these
milestones occur around the ages 13 and 51, respectively. In the absence of disease, pregnancy,
or steroidal contraception, most women can expect to experience more than 450 menstrual cycles
across their reproductive lifespan.>® However, conditions that disrupt the endocrine and/or

immune systems are capable of impeding endometrial function and reducing fertility.’

Endometriosis

Endometriosis is a chronic gynecological disease that affects approximately 10-12% of
reproductive-age women (more than 190 million worldwide). It is characterized by the presence
of endometrial tissue outside, or ectopic, of the uterine cavity, which — similarly to the

intrauterine, or eutopic, endometrium — undergoes periods of proliferation and deterioration in



response to fluctuations in estrogen and progesterone levels (Fig. 2).2 Endometriosis can be

exceptionally difficult to detect. In fact, many women experience a 7—10-year delay before a

definitive diagnosis. Such delays coupled with the limited effectiveness of current treatment

options are often associated with
disease progression and can have a
detrimental impact on reproductive
health. For poorly understood
reasons, the global prevalence of
endometriosis has steadily increased

since 2009.°

Fallopian tube

Figure 2. Reproductive tract of endometriosis patient.®
Used with the permission of Mayo Foundation for
Medical Education and Research, all rights reserved.

Pathogenesis and Pathophysiology

As aforementioned, endometriosis is defined by the abnormal growth of endometrium-

like tissue outside of the uterine cavity. Similar to the endometrium, these extra-uterine tissues

Varying amounts of endometrial stroma

~———— Glandular epithelium

consist of endometrial stromal and epithelial cells,

as well as iron deposits (Fig. 3). Furthermore, the

/ forming irregular glands . R . . .
/ proliferation of the endometriotic lesions can

EA / Blood

| 100x

coincide with the menstrual cycle in a manner

similar to normal endometrial tissue; however,

Figure 3. H&E staining of endometriotic | these tissues are often progesterone resistant. ™

lesion at 100x magnification.

Compared to many other chronic diseases, the pathogenesis of endometriosis is poorly

understood. Currently, the prevailing theories regarding its etiology include retrograde

menstruation, endometrial cell transport, Mdllerian rests, and toxin- or hormone-induced cell



transformation.®1° Since the presentation of endometriosis can vary significantly across patients,

most clinicians and scientists agree that there is not a singular overarching cause of disease.

Symptomology and Disease Progression
The symptomology and clinical manifestations of endometriosis vary widely from patient
to patient, and as is the case with many chronic conditions, the effects of endometriosis are

exacerbated in the absence of the appropriate treatment.

Although the precise pathogenesis of endometriosis is debated, the symptomology has
been comprehensively defined. Upon the initial onset of symptoms, afflicted patients typically
experience pelvic pain and discomfort during their menstrual period (i.e. dysmenorrhea).
Intermediate symptoms include fatigue, excessive menstrual flow, and infertility. Patients with
endometriosis who become pregnant are at increased risk of early pregnancy loss, preterm birth,
and other complications.*® Progression of endometriosis can eventually lead to bowel
obstruction, fibrosis, and pelvic/intrauterine adhesions (IUA) which further compromise the

patient’s health and quality of life. 81

Although poorly characterized relative to other chronic conditions, the American Society
for Reproductive Medicine has implemented a standardized staging system for endometriosis.
These stages range from 1 to 4 and are dictated by the guantity, size, and depth of endometriotic
lesions (Table 1).2 This approach is quite subjective but offers insight into disease progression
and patient prognosis. However, the presence and characteristics of potential endometriotic

lesions can only be confirmed via laparoscopy — an invasive surgical procedure.™



Table 1. Revised American Society for Reproductive Medicine staging system.*?

rASRM Alternative
Stage Name Score Manifestations of Endometriosis
1-5
Stage 1 Minimal points Few superficial growths
6-15
Stage 2 Mild points Some deep growths
16-40 Many deep growths, small cyst(s), some
Stage 3 Moderate points adhesions present
40+ Many deep growths, large cyst(s), many deep
Stage 4 Severe points adhesions

Risk Factors and Treatments

There are several factors that increase the risk of developing endometriosis. These early
menarche (i.e., before the age of 11), abnormal menstrual periods, chronically elevated estrogen
levels, sustained damage to the reproductive tract, genetic predispositions, a family history of
endometriosis, and prolonged exposure to toxic agents.'14> Environmental toxicants, such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), are commonly found in fires, cigarettes, and
processed foods. TCDD is a known endocrine and immune disruptor, and thus, has often been

suggested to play a role in the development of endometriosis.16:60.61.62

Although there is no current cure for endometriosis, there are several treatment options
for disease management. Conservative approaches typically involve altered dietary habits and
prescribed pain medications, such as nonsteroidal anti-inflammatory drugs (NSAIDs) and
ibuprofen 8117 If symptoms do not improve, patients are treated with hormone therapy. This
option includes hormonal contraceptives, gonadotropin-releasing hormone (Gn-RH) agonists and
antagonists, and aromatase inhibitors. The purpose of these therapies is to artificially decrease

estrogen concentrations, thus mitigating endometrial tissue growth and painful menstrual cycles.



However, hormone therapy can lead to many adverse complications such as mood swings,
decreased bone density, and induction of a menopause-like state in patients. Additionally, such
treatments are generally not viable for women seeking pregnancy. Surgical procedures are a last
resort and typically reserved for patients with severe cases of endometriosis (i.e., exceptional

pain and/or high risk of intrauterine adhesions).t’

Current Diagnostic Methods

As stated earlier, most patients with endometriosis will suffer for ten years or more after
disease onset before being properly diagnosed.!® A major reason for such delayed diagnoses is
the lack of reliable biomarkers along with poor visibility of endometriomas using current
imaging modalities. This has severely limited detection rates, resulting in uninhibited disease
progression and suboptimal patient outcomes. The current diagnostic methods for endometriosis
are pelvic examinations, ultrasound, magnetic resonance imaging (MRI), computed tomography
(CT), and laparoscopy — the gold standard.®1%%° Outside of laparoscopic examinations, which are
invasive surgical procedures, diagnostic sensitivity for endometriosis is often poor and varies

based on the skill of the physicians.

Pelvic exams and imaging techniques have displayed poor negative predictive values and
sensitivities when performed independently. A few studies have demonstrated the relative
ineffectiveness of bimanual pelvic examinations and transvaginal sonograms. One particular
group, found that out of 91 endometriosis-positive patients, 43 (47%) and 37 (41%) exhibited
“unremarkable” pelvic exams and sonographic evaluations, respectively.?’ Furthermore, CT
scans are largely ineffective for visualizing pelvic organs, and while MRI possesses greater

sensitivity than ultrasound, it is expensive and requires specialized medical equipment.?! Overall,



these diagnostic techniques often

Uterus

yield inconclusive results that

Ovary

must be confirmed via

Transducer

laparoscopy (Fig. 4).

Despite being the current Figure 4. Non-laparoscopic diagnostic methods for

endometriosis. Pelvic examination (left); transvaginal

ultrasound (right).8 Used with the permission of Mayo

Foundation for Medical Education and Research, all
rights reserved.

gold standard, laparoscopic

procedures still present many

challenges. Inherent constraints such as limited vision and range of motion, poor depth
perception, the need for highly trained surgeons, and disproportionate access to quality
healthcare, impair the diagnostic effectiveness of laparoscopy.?? Additionally, this technique
possesses quite a low specificity (40%) due to the exclusive reliance on the peritoneal lesion
visualization.?® In 2021, a meta-analysis study reported that nearly half of all positive
laparoscopic surgeries for endometriosis were later deemed incorrect diagnoses.?* This indicates
that surgeons mistakenly attribute the peritoneal lesions they identify during laparoscopy to
endometriosis instead of the actual causes: acute inflammation, hemangiomas, hemosiderin
deposits, and mesothelial hyperplasia.?® Tissue resections and biopsies (i.e. histopathology)
greatly improve specificity and negative predictive values but require additional time and
resources.?® Furthermore, the risks of peritoneal perforations, excessive bleeding, sepsis,
anesthesia-related reactions, and other adverse complications discourage patients from

explorative laparoscopy until symptoms progress.?’

The current landscape of diagnostic techniques for endometriosis is inadequate and

underwhelming. More specifically, the lack of effective, non-invasive diagnostic approaches is



contributing to the high rates of delayed diagnoses and disease progression in millions of

reproductive-age women.

Novel Technologies for Diagnosis

The shortcomings of current diagnostic tools have sparked novel developments for
endometriosis detection. From gene profiling and omics approaches to spectroscopic analyses,
significant strides are being made to bolster the effectiveness of non-invasive diagnostic tools for

endometriosis.

Serum Biomarkers. As previously mentioned, there are currently no validated biomarkers
for endometriosis. However, several studies have explored the biomolecular profile associated
with disease progression.?®2°% Sych indicators include glycoproteins, chemokines, inflammatory
cytokines, angiogenic factors, and micro RNAs (miRNAs). Specifically, vascular endothelial
growth factor (VEGF), urocortin (UCN), cancer antigen-125 (CA-125), and cancer antigen-19-9
(CA-19-9) are of interest. These have been researched with widely variable and inconsistent
results, rendering clinical effectiveness inconclusive. For example, the sensitivities and
specificities of five studies primarily focused on CA-125 for diagnosis of early-stage
endometriosis (i.e. Stage 1-11) ranged from 50-92.3% and 71-72%, respectively,31:32:333435
Generally, immunoassays (i.e. radioimmunoassays, immunofluorescence assays, enzyme-linked
immunosorbent assays [ELISAS], etc.) are used to accurately measure antigen concentrations in

serum samples.>®

Omics is a quickly rising field of study comprising proteomics, metabolomics,
transcriptomics, and genomics. This technology refers to the comprehensive study of all

biomolecular substances and/or processes. Although promising studies (with unstandardized



methodologies) have exhibited remarkable sensitivities and specificities, this technique is

exceptionally costly and time intensive.

37,38,39,40,41

Using immunoassays and gene/proteomic profiling techniques, researchers have

displayed diagnostic sensitivities comparable to laparoscopy without histology (Table 2).

However, long preparation times (i.e., sufficient labeling and equipment setup) and the need for

expensive materials paired with discrepancies across research groups, have prevented

widespread clinical adoption.*?

Table 2. CA-125 biomarker for endometriosis detection,30:31:32:33,34

Biomarkers Sample Size | Sensitivity (%) | Specificity (%) | Reference

CA-125 38 92.3 72 | Xavier, 2005
CA-125 231 55.8 92.8 Cho, 2008
CA-125 23 studies 50 72 Mol, 1998
CA-125 685 76 71| Cheng, 2002
CA-125+IL-8+TNF-a 294 89.7 71.1 | Mihalyi, 2010

Optical Techniques. Optical techniques rely on the interactions between incident light

and a material of interest to determine its physical, chemical, or structural properties. Within

diagnostic contexts, these approaches provide real-time analysis in a non-invasive manner.

Methods such as fluoroscopy and attenuated total reflection infrared spectroscopy (ATR-IR)

have been utilized in studies to diagnose endometriosis.

Fluoroscopy is an imaging modality that uses continuous x-ray beams to create images of

patient tissues. It is a minimally invasive technique based on the principle of fluorescence.*® This

method is often paired with indocyanine green, a non-toxic dye, for enhanced contrast and

visualization of neovascularization, which has been linked to endometriosis (Fig. 5).%




ATR-IR is a sampling approach that
synergistically combines the principles of
total internal reflection and infrared
spectroscopy in order to assess a material’s

biochemical characteristics. Since the

resultant evanescent waves have limited : o2
Figure 5. Tunable fluorescence imaging.

range, samples must be in direct contact Normal endoscopic view (left); indocyanine
green-mediated fluoroscopy view (right).*
with the ATR crystal. The characteristic IR Copyright © 2023 Intuitive Surgical

Operations, Inc.

absorption spectra produced enables
distinctions between different biomolecules. A 2019 study demonstrated the ability of IR
spectroscopy to detect biochemical changes in granulosa cells from patients with endometriosis.
They reported that alterations to protein, lipid, and carbohydrate profiles were detected using IR
spectroscopy. Specifically, the amount of phosphorylated proteins increased significantly while
the amount of carbohydrates and RNA decreased significantly relative to the control as measured
by IR spectroscopy.*® Although promising, the need for direct contact can potentially damage

biological samples and limits the sample type and size.

Despite the numerous advancements to improve diagnostic capabilities for endometriosis,
none have been validated for clinical diagnosis. Therefore, there is still a significant need for a
novel diagnostic tool to detect early-stage endometriosis in a non-invasive manner with minimal

sample preparation and limitations to the sample type.

Raman Spectroscopy
Similar to IR spectroscopy, Raman spectroscopy (RS) is an analytical technique based on

the interactions between light and a sample of interest. However, RS relies on the characteristic
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inelastic scattering induced by the vibrational modes of molecular structures and chemical bonds
during photonic collisions. The degree of inelastic scattering is known as the Raman shift and
provides specific information pertaining to the chemical, structural, and physical properties of a
sample. Such a non-invasive optical technique allows for the rapid, accurate, and label-free
identification of macromolecular compounds with minimal damage to the observed specimen.
Raman spectroscopy is a powerful tool, and its resultant unique spectral peaks enable effective

analysis across a wide array of applications.*’

Within the small particle regime, there are two primary types of scattering: elastic and
inelastic. Elastic scattering or Rayleigh scattering refers to a scattering event between photons
and particles that results in no gain or loss in energy (i.e., no change in photon wavelength). On
the other hand, a change in photon energy and wavelength occurs during Raman scattering.

There are two primary subtypes of Raman scattering: Stokes and anti-Stokes. In Stokes

Incident ffeq“e"fgjg scattering, there is a resultant decrease in energy, in
ficlecuies that the emergent wavelength of light is greater
‘ than the incident wavelength. Anti-Stokes
Scattering frequer:;ﬁg g ZZN
w+wv w w-wv - - - - -
” scattering results in an increase in energy, in that
Virtual state - g - = === = i . T the emergent wavelength of light is less than the
S, ¥ v
Sk aotet oM oresy ™ | incident wavelength. For both Rayleigh and Raman
Figure 6. Modes of scattering.® scattering, molecules are transiently excited to a
Reprinted from Lin et al., 2021, with the
permission of AIP Publishing. virtual energy state upon their collision with

incident photons.*® The wavelength of the emergent light upon molecular relaxation dictates the

type of scattering, as previously mentioned (Fig. 6).
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Although an effective analytical technique, RS is not without its limitations. The primary
shortcoming is the inherent inefficiency of Raman scattering. Only an approximate 1 in every
10°-108 photons of an incident light beam will undergo inelastic scattering and produce a Raman
signal.*8°! Light-matter interactions are dominated by absorption, followed by subsequent
fluorescence, and elastic scattering. Therefore, it can be difficult to obtain a sufficient Raman
signal without high laser powers or prolonged exposure times, which can damage biological
specimens. Additionally, the dominating presence of autofluorescence background within the
spectral measurements necessitates advanced extraction methods to isolate the desired Raman

signal and improve the signal-to-noise ratio (SNR).*°

Several efforts have been made to circumvent the aforementioned limitations of RS. For
example, the principle of surface plasmon resonance (SPR) is universally employed to improve
signal intensity. The SPR effect is a phenomenon that enhances the electromagnetic (EM)
response via the collective oscillation of conduction band electrons in resonance with the electric
field of an incident light beam. The EM augmentation occurs at the surface of plasmonic
substrates and is largely dependent on both the intensity of the incident electric field as well as
the substrate’s polarizability, as exemplified by the equation u = o*E (where p is dipole moment,
o is polarizability, and E is electric field).>! Materials such as gold, silver, copper, and aluminum
possess a negative real permittivity — which facilitates the SPR effect — have been used to boost
Raman scattering efficiency up to 10'4-fold.5? Additionally, the researchers have addressed
Raman spectroscopy’s spectral analysis issue. Several techniques have been developed to
eliminate extraneous background noise while retaining Raman signal. Many of these processing
methods utilize a combination of smoothing filters, polynomial background subtraction, and

spectral normalization to combat poor SNR and enable comparison between spectra.>

12



Applications of Raman Spectroscopy for Diagnostic Purposes

The characteristic spectral peaks generated by Raman spectroscopy coupled with minimal
sample preparation have made it a viable analytical tool for biomedical applications. The
prevalence of RS within the medical realm has increased significantly, particularly for diagnostic

purposes.

Numerous studies have demonstrated the potential of RS as a viable technique for
efficient, non-invasive detection of disease-related biomarkers and quantification of
pathophysiological responses. RS has been used for a broad array of applications within in vivo,
ex vivo, and in vitro settings. From cancers to chronic conditions, such as diabetes and
osteoarthritis, to malaria, RS has enabled effective detection and classification across several
classes of disease.>® One study reported the ability to distinguish between bronchial tissue
specimens (n = 28; 12 normal, 10 squamous cell carcinoma [SCC], and 6 adenocarcinoma) using
a 785nm RS excitation laser with 94% sensitivity and 94% specificity.>* Furthermore, an ex vivo
study on resected tumor samples of 34 patients with non-small cell lung cancer demonstrated the
ability of RS to predict early postoperative cancer recurrence with a 73% sensitivity and 74%

specificity.®

In recent years, RS has been employed to characterize endometriotic cells in a non-
destructive and label-free manner. A 2019 study, using 94 blood serum samples (49
endometriosis patients; 45 control/healthy individuals) reported the creation of an algorithm that
relies on RS measurements to diagnose endometriosis. The model yielded a sensitivity of 80.5%
and a specificity of 89.7% within the training set (80 samples). Furthermore, the model exhibited
high sensitivity and specificity (i.e. 100%) for the test set (14 samples; 8 endometriosis patients;

6 control).%® Additionally, a study published in 2022 utilized RS to garner insight into the disease
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progression of endometriosis. Using blood serum samples from 100 subjects (50 healthy women;
50 women with endometriosis), the group reported distinctions between the control and
endometriotic Raman spectra. Significant shifts in peaks were identified. These shifts were
attributed to chemical and structural alterations in functional groups following the onset of
endometriosis. The results also exemplified a positive correlation between endometrioma volume
lipid peak intensity.>” Although promising, there are very few RS-related studies for the
detection of endometriosis which exemplifies the need for further research before clinical

implementation.

Raman spectroscopy is a power tool capable of accurately assessing subtle biomolecular

differences between healthy and diseased patients for non-invasive and label-free diagnosis.

Research Objectives

The goal of this study was to characterize the biochemical changes induced by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) using in vitro models via Raman-based measurements. The
secretions of both murine and human cells were evaluated and compared to control models in
order to determine the effects of TCDD-exposure on metabolic in vitro processes. As
aforementioned, TCDD is believed to promote the development of endometriosis in humans and
has been demonstrated to induce an endometriosis-like phenotype in mice.®® In our research,
TCDD exposure was used to induce metabolic changes to mimic endometriosis. Furthermore, in
order to differentiate between the biochemical responses of cells with the endometriosis
phenotype and cells merely experiencing acute inflammation, lipopolysaccharide (LPS), a
common proinflammatory molecule, will serve as the positive control. By measuring and

analyzing the Raman spectra produced from the cellular secretions of our in vitro samples, we

14



seek to discover characteristic molecular biomarkers for more effective early-stage detection of

endometriosis.

Primary Goal: Utilize Raman-based measurements to monitor the biochemical changes induced

in the cellular secretions of in vitro murine and human models following exposure to TCDD.
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CHAPTER II: IN VITRO INVESTIGATION OF ENDOMETRIOSIS MODELS
VIA RAMAN-BASED MEASUREMENTS

Specific Aims
Endometriosis is a common and often debilitating gynecologic condition that has impacted the
health of millions of reproductive-age women. Patients afflicted with endometriosis generally are
not accurately diagnosed until 8-10 years after the onset of the disease.* Such delayed diagnoses
result in disease progression and the development of more severe symptoms, such as exceptional
pain, intrauterine adhesions, and infertility. Currently, the only reliable method for accurate
endometriosis diagnosis is a laparoscopy — an invasive procedure that requires skilled surgeons
and proper medical equipment.2 Therefore, there is a significant need to develop a minimally
invasive technique to accurately detect early-stage endometriosis to prevent disease progression
and yield better patient outcomes. In this study, we utilized both human and murine in vitro
models to garner insight into the biochemical signatures of cellular secretions derived from
tissues exhibiting the endometriosis phenotype. Our central hypothesis was that Raman-based
measurements — traditional Stokes Raman spectroscopy coupled with the surface plasmon
resonance (SPR) effect — augment Raman signal and enable the identification of important
biomolecules during the development of endometriosis to be later confirmed via mass
spectroscopy. Herein, using human endometrial stromal cells in addition to murine bone marrow
derived macrophages, we explored the viability of Raman-based measurements in distinguishing
between healthy and inflamed cells and those displaying the endometriosis phenotype as induced

by the environmental toxicant, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
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Specific Aim 1: Evaluate the effectiveness of Raman-based measurements to differentiate

the responses of murine bone marrow-derived macrophages following exposure to
environmental toxicants. In this aim, we sought to determine the effect of toxic exposure on
murine bone marrow-derived macrophages. Using Raman-based measurements, we endeavored
to distinguish between the composition of the cellular secretions of samples representing healthy,
inflamed, and endometriotic cells. To circumvent the low scattering efficiency of RS for

biological specimens, we utilized the SPR effect via an aluminum substrate.

Specific Aim 2: Evaluate the effectiveness of Raman-based measurements to differentiate

the responses of human cells endometrial stromal cells following exposure to environmental
toxicants. In this aim, we sought to determine the effect of toxic exposure on human endometrial
stromal cells. Using Raman-based measurements, we endeavored to distinguish between the
composition of the cellular secretions of samples representing healthy, inflamed, and
endometriotic cells. An aluminum substrate was used to attain augmented Raman signal via the

SPR effect.

The results of these aims provide insight into the toxicant-mediated response and
biochemical signature of endometriosis. Given the current dearth of definitive biomarkers, such
findings could improve diagnostic capabilities, enable prompter and more effective treatment,
and limit disease progression. Furthermore, employing the synergistic principles of the surface
plasmon resonance (SPR) effect and droplet vaporization patterns enables augmented Raman
signal intensity with high repeatability. The refinement of such an approach has the potential to
result in the future development of a label-free diagnostic tool that reliably detects early-stage

endometriosis — a disease increasing in prevalence worldwide — in reproductive-age women.
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Introduction

Across the past few decades, several technological advancements have revolutionized the
landscape of biomedical research. This paper has already discussed the adaptation of Raman
spectroscopy for disease diagnostic purposes.® Another class of the innumerable scientific
developments that has become more refined in recent years is the lab-on-a-chip (LOC). Lab-on-
a-chip models are scaled-down devices capable of integrating numerous processes and analyses
into a single controlled, consolidated environment. These models have demonstrated exceptional
utility in a variety of fields, including pharmacology, analytical chemistry, and molecular
biology.* Within the pathological context, the emergence of LOC models has enabled
unprecedented rates of medical discovery. The ability to accurately and rapidly simulate
physiologic conditions is providing invaluable insight into disease progression, resulting in the
development of novel diagnostic and therapeutic strategies.* LOC models have the potential to
continue transforming biomedical research efforts, accelerating disease diagnosis and treatment,

and ultimately, improving patient outcomes.

LOC models have made substantial contributions towards understanding the
pathophysiology of several diseases. Once understood, scientists can manipulate LOCs to
represent pathological progression with more accuracy in order to effectively determine disease
hallmarks and evaluate drug efficacy. Furthermore, LOC models enable improved
experimentation speeds at lower costs and resource consumption. These platforms have been
used to efficiently determine cell proliferation rates for hepatocellular carcinoma, assess
cardiomyocyte function in response to anti-fibrotic drugs, emulate the first pass metabolic effect
of the gastrointestinal tract, screen therapeutics for renal disease.>%"8 In many of these cases,

LOCs drastically reduced capital costs, augmented throughput, provided better simulated
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physiological conditions, and improved overall knowledge pertaining to disease signatures (i.e.
biomarkers). Furthermore, the impact of LOC models is not exclusive to research settings. LOCs
are currently being used for a plethora of population-level diseases.®° Their excellent
throughput, cost-effectiveness, and portability render them highly useful within diagnostic
contexts. Examples of accurate and efficient diagnoses of viral diseases, such as Ebola, AIDS,
measles, and SARS-CoV-2, and chronic diseases (i.e., diabetes, respiratory conditions, sickle cell
anemia, etc.) have demonstrated the clinical translatability of LOC models as well as their

potential to create a profound impact on global health.%

One particular group has focused on developing LOCs for endometrial modeling. In the
past, the complex hormone-dependent environment of the endometrium has been difficult to
accurately simulate. Biological functions and conditions such as cell-cell communication,
hemodynamic-induced forces (i.e., shear stress), and cytoskeleton remodeling have been
physiologically inaccurate in previous in vitro models. In order to address this issue and establish
a more comprehensive and accurate modeling system, the Osteen lab has created microfluidic
devices to enable physiologically relevant monitoring of controlled endometrial environments.
The 3D microfluidic cell culture devices, coined organs-on-a-chip (OoC), contain multiple cell
chambers, are transparent, on the microscale, and made from a porous and non-cytotoxic resin.
This design permits rapid diffusion, cell-cell communication, fluorescence imaging, relevant
shear stress, as well as a viable environment for the long-term co-culturing of different cell types.
Such OoCs have been utilized to study human endometrial stromal cells, endothelial cells,
amnion epithelial cells, and decidual cells among others in order to effectively analyze

endometrium cells under various conditions. Endometrium OoC models are powerful in vitro
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tools with the potential to provide accurate insight into the progression of a myriad of

physiologic and pathophysiologic processes within the reproductive tract. 112

LOC technology is still quite novel and constantly improving; however, innumerable
studies have already proven its extensive and effective utility for biomedical discovery. Herein,
we seek to establish an effective baseline methodology (without potential confoundment by LOC
models) using standard cell culture techniques in order to differentiate between the cellular
secretions of healthy, inflamed, and endometriotic cells using Raman-based measurements. In
subsequent studies, we will employ the LOC approach to more accurately model the disease
progression of TCDD-induced endometriosis in order to garner insight into its underlying

biochemical signature.

Methods

Sample Collection

The in vitro samples, both murine and human, were obtained in collaboration with the
Bruner-Tran and Osteen labs at VVanderbilt University Medical Center using standard cell culture
techniques. Including the control media, there were a total of nine samples among two different

cell types and four exposure groups (Table 3; Figure 7).

Table 3. Experimental sample dataset.

Sample Name Origin Exposure Type
1A Human Endometrial Stromal Cells Control (CT)

2A Human Endometrial Stromal Cells LPS

3A Human Endometrial Stromal Cells TCDD

4A Human Endometrial Stromal Cells LPS + TCDD
5A Murine Bone Marrow Derived Macrophages Control

6A Murine Bone Marrow Derived Macrophages LPS

TA Murine Bone Marrow Derived Macrophages TCDD

8A Murine Bone Marrow Derived Macrophages LPS + TCDD
EM Experimental Media N/A
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Figure 7. Cell collection and treatment process. Control samples not pictured. Murine bone marrow-

derived macrophages (left); human endometrial stromal cells (right).

Murine Samples. Mice were bred and raised under the provision of the Division of

Animal Care at Vanderbilt University Medical Center. In this study, one murine cell type was

utilized: bone marrow-derived macrophages. Macrophages were observed in order to evaluate

the innate immune response following TCDD and/or LPS exposure. The cellular secretions

within the reproductive tract differ significantly between immune cells and endometrial cells.

For the bone marrow-derived macrophages, mice were euthanized during estrus, a period

in the female mammal reproductive cycle characterized by high sexual proceptivity and

receptivity, and bone marrow cells were collected from their femurs and tibias. The extracted

cells were then treated with macrophage colony-stimulating factor (M-CSF) in order to induce

differentiation into macrophages. Afterwards, the resulting macrophages were cultured in the

experimental control media for 96 hours. Depending on the treatment group, this was followed
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by 24-hour exposure to LPS- and/or TCDD-treated media. The conditioned media of each group

was collected. Once the final samples were collected, they were frozen and stored at -80°C.

Human Samples. Human endometrial stromal cells were derived from a single non-
endometriosis patient at the Vanderbilt University Medical Center clinic. Following a
proliferative phase endometrium biopsy, cells were isolated via a series of enzymatic digestion
reactions and filtrations.?° The isolated endometrial stromal cells were then cultured in the
control media with estradiol (E2) for 96 hours. Afterwards, these cells were separated into their
respective treatment groups where LPS and/or TCDD were added to the media for 24 hours. The
conditioned media of each group were collected. Once the final samples were collected, they

were frozen and stored at -80°C.

Drop-Cast Raman Measurement Protocol

25x75x1mm glass slides were wrapped in aluminum foil with minimal creases. The
aluminum foil was securely attached to the glass slides with tape, splitting the slide into three
distinct sections that were labeled with the appropriate sample number. Samples were then
retrieved from the -80°C freezer and set aside in a test tube rack to thaw at room temperature for
30 minutes. Once the time had elapsed, the samples were inverted three times to ensure a fully
melted and homogenous redistribution of solutes within the media. Next, three SuL droplets of
each sample were pipetted onto an aluminum foil-wrapped slide within its respective section

(Fig. 8). To mitigate the risk of sample contamination, pipette tips were replaced after each

droplet. Upon the completion of the

triplicate droplets of one sample, a 30-

minute dry period was allotted prior to

Figure 8. Triplicate droplet technique.

collecting measurements.
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A Renishaw inVia™ confocal Raman microscope (West Dundee, IL) was utilized for
Raman spectroscopic measurements. Prior to data collection, the instrument was calibrated to
ensure a sufficient laser count and accurate Raman shift under 785nm excitation (i.e., 30,000+
counts and ~520.4 cm! peak, respectively) for the system’s internalized silica standard.
Following successful calibration, a 2-second integration time with 10 accumulations was
performed at ten distinct locations (five edge measurements, five center measurements) within
each dried droplet with a power between 52 and 55mW under a 20x magnification objective lens.
This process was repeated for each of the three dried droplets for a total of n = 30 measurements
per each sample. Furthermore, the experimental media was also measured using the same
process. In the event of apparent fluorescence saturation or inexplicable spectral spikes, the same
measurement was repeated. Additionally, samples were checked for thermal damage after each
measurement. Another key element to note is that spectroscopic readings were performed in the

fingerprint region (i.e., 600-1750cm).

Following each session, measurements were performed in order to determine which
spectral regions could be solely attributed to Raman signal from the sample of interest and which
were due to the background substrate (i.e., aluminum foil-wrapped glass slide). Using the same
Raman parameters (i.e., 2-second integration time, 10 accumulations, 52-55mW laser power,
785nm laser, and 20x lens), measurements were collected from five different areas where dried

droplets were not present.

Upon the completion of the data collection, each Raman spectrum was saved and

exported as a .txt file for data processing and analysis.

31



Raman Data Processing

Raman spectral files were uploaded to and processed in MATLAB. First, a 2" order
Savitzky-Golay filter (window size = 7) was applied to smooth each spectrum. Then, spectral
background fluorescence was subtracted based on a 7! order polynomial fit technique developed
by the Mahadevan-Jansen Lab in 2003.The resulting spectra were mean normalized and
imported into OriginLab for data analysis (Fig. 9). These progressive processes serve to improve

the signal-to-noise ratio and enable comparisons between Raman spectra.
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Figure 9. Raman spectral processing. Pre-processed spectrum (left); post-processed spectrum
(right).

Raman Spectral Analysis

The exported Raman spectra were separated into two measurement types: edge and center
of the dried droplet. The triplicate droplet method and five measurements performed per droplet
result in 135 spectra across the nine samples for each region (i.e., edge and center; 270 total
spectra). Using OriginLab, the five post-processed spectra from each droplet were averaged and
plotted on y-offset graphs along with the averaged background aluminum foil Raman spectrum.

All plots were sufficiently labeled.
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Figure 10. Example of averaged Raman spectra.
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phenylalanine; C = carbohydrates; P/L =
and center measurements were visually proteins/lipids; L/P = lipoproteins.

examined and reported.

Furthermore, in order to determine the variation between samples, principal component
analysis (PCA) was performed between each treatment group for each cell type (i.e., human
endometrial stromal cells and trophoblasts; murine bone marrow-derived macrophages). PCA is
a statistical analysis technique used for dimensionality reduction and comparison of complex
datasets. In the case of Raman spectra, wavenumbers are simplified to principal components
which preserve the direction and magnitude of variances of the original data in the form of
eigenvectors and eigenvalues. This enables the direct comparison of two sets of normalized
Raman spectra across all wavenumbers simultaneously, allowing for a statistical distinguishment
among peak intensities. The PCA plots were calculated and obtained from OriginLab. Only
principal components with magnitudes greater than 0.05 were considered as significant peaks of
variation. Additionally, principal components within the region of the background aluminum

signal were disregarded.
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Results

Optimizing Raman Spectroscopy Measurement Parameters

Initially, there were issues with determining the appropriate parameters and conditions
for obtaining ideal Raman spectroscopy measurements. Early experiments varied in sample
volume, laser power, and substrate material. After insufficient Raman signal using microplate
wells, the substrate for Raman readings transitioned to glass slides, and eventually aluminum
foil-wrapped glass slides. With each substitution, spectral intensity progressively improved. As a
result of the SPR-enhanced signal, sample droplet volume was able to be decreased from 10uL to
5uL without compromising Raman efficiency. Additionally, the laser power was also decreased
from 105-112mW to 52-55mW. From these preliminary experiments, we concluded that the
optimal parameters for Raman-based analysis of the human and murine samples were a dried
5uL droplet on an aluminum foil-wrapped glass slide, laser power between 52mW and 55mW,

10 accumulations, and 2-second exposure time.

Spectral Peak Detection

Following post-processing and spectral averaging (n = 5) per droplet, the Raman spectra
for each sample (3 edge; 3 center) was plotted on the same graph (y-offset) along with the
background aluminum foil spectrum. The graphs consistently displayed peak regions at 750-788,
810-830, 830-855, 1003-1004, 1043-1095, 1117-1123, 1210-1220, 1440-1449, and 1655-1680
cmt across both the murine and human samples (Fig. 11-12; red plot titles indicate murine

samples; black plot titles indicate human samples).
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Figure 11. Raman spectra of murine bone marrow-derived macrophages.
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Figure 12. Raman spectra of human endometrial stromal cells.

The peaks correspond to tryptophan/nucleic acids (750-788cm™), nucleic acids (810-
830cm™), amino acids (tyrosine, proline, and valine; 830-855cm™), phenylalanine (1003-
1004cm™?), carbohydrates (1043-1095cm™), glucose (1117-1123cm™), nucleic acids/amino acids
(1200-1210cm'Y), proteins/lipids (1440-1449cm™), and lipoproteins (1655-1680cm™) (Table 4).14
Furthermore, the aluminum foil substrate exhibited a background signal from 1250-1410cm™. As

a result, any peaks from the samples within this region were disregarded.
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Table 4. Raman peak correlation table.'**®

Raman Shift (cm?) Vibrational Source Biochemical

750-788 Symmetric breathing; 5(ring) Tryptophan/Nucleic Acids

810-830 O—P—O stretching Nucleic Acids

830-855 v(C—C) Amino Acids (i.e.,
Tyrosine, Proline, Valine)

1003-1004 vs(C—C) breathing Phenylalanine

1043-1095 C—0, C—C stretching Carbohydrates

1117-1123 COH bending Glucose

1200-1210 Ring breathing modes; Amide 111 Nucleic Acids/Amino

stretching Acids
1440-1449 3(CH2); methylene bending Proteins/Lipids
1655-1680 Amide | v(C=C) Lipoproteins

Although peak locations between all samples appeared similar, there were noticeable
trends in peak intensity. The edge measurements consistently showcased greater peak heights at
1003 and 1655-1680 cm™ along with diminished peak heights at 750-788, 810-830, 1043-1095,
and 1117-1123 cm™. Upon inspection, it was found that the experimental media also consisted of
peaks that closely aligned with the intensities displayed in the center measurements from the
samples. This could possibly be attributed to biomolecules from the media being retained in the
sample’s center instead of diffusing toward the edge during drying. Therefore, moving forward,

only edge measurements underwent further data processing and analysis.
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Raman Data Analysis

Principal Component Analysis. After pre-processing
and averaging (per droplet) in OriginLab, Principal
Component Analysis (PCA) was conducted to determine the
extent of variability amongst the Raman spectra. The PCA
results across different treatment groups and between human
and murine samples showed that the primary peaks of
variation were 1003, 1043-1095, 1440-1449, and 1655-1680
cmL. Less frequent peaks of variation included 810-830 and

830-855 cm™.

PCA plots of the murine bone marrow-derived
macrophages indicated differences in Raman peak intensities
following exposure to LPS and/or TCDD (Fig. 13). Relative
to the control measurements (Sample 5A), the composition of
the cellular secretions of the macrophages exposed to LPS
(Sample 6A), TCDD (Sample 7A), and LPS + TCDD
(Sample 8A) differed significantly. The LPS group

exemplified high variance at the 1003, 1043-1095, 1440-
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Figure 13. PCA plots for
murine bone marrow-derived
macrophages. Gray shaded
box = aluminum region.

1449, and 1655-1680 cm™ peaks. The TCDD group showed decreased intensities at the 1043-

1095 and 1440-1449 cm™ peaks. The LPS + TCDD group exhibited similar Raman signal

variances to the LPS group.
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Similarly, the PCA plots of the human endometrial
stromal cells indicated differences in Raman peak
intensities following exposure to LPS and/or TCDD (Fig.
14). Relative to the control measurements (Sample 1A),
the composition of the cellular secretions of the
endometrial cells exposed to LPS (Sample 2A), TCDD
(Sample 3A), and LPS + TCDD (Sample 4A) differed
significantly. The LPS group exemplified variance at the
700-745, 1003, and 1655-1680 cm™. The TCDD group
showed differences at the 810-830, 1003, 1043-1095,
1440-1449, and 1655-1680 cm™ peaks. The LPS + TCDD
group exhibited differences at the 1003, 1440-1449, and

1655-1680 cm* peaks.

PCA plots between the human endometrial stromal
cells and the murine bone marrow-derived macrophages
also displayed variances in Raman peak intensities across
different animal cell types, despite similar treatment
methods (Fig. 15). The murine control group demonstrated

differences at the 750-788, 810-830, 1003, 1043-1095, and

1440-1449 cm™ peaks compared to the human control group. The LPS group exemplified

variance at the 750-788, 1003, 1043-1095, and 1440-1449 cm™ peaks. The TCDD group showed

differing signal intensities at the 750-788, 810-830, 1043-1095, and 1440-1449 cm™ peaks. The
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LPS + TCDD group exhibited spectral differences at the 1003, 1440-1449, 1573-1579, and

1655-1680 cm™ peaks.
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Figure 15. Inter-sample PCA plots between human endometrial
stromal cells and murine bone marrow-derived macrophages.
Gray shaded box = aluminum region.

Discussion

This study analyzed the cellular secretions of human and murine cells to assess the
biochemical changes associated with TCDD exposure as a proof of concept for future studies
examining cells from women with endometriosis. Raman spectroscopy was utilized to evaluate

the different responses of tissue following exposures that induced the endometriosis phenotype.

First, the data processing methods were largely successful in improving SNR through the
smoothing of data, removal of background fluorescence, and mean normalization of spectra. The
post-processed data facilitated comparison between spectra and ensured that intensities could be

solely attributed to Raman signal. Additionally, modifications to Raman analysis methods (i.e.,
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transition from wet to dried droplets, increased accumulations, increased exposure times, and
introduction of a plasmonic substrate) resulted in enhanced Raman scattering efficiency.
Furthermore, minimal discrepancies between droplets of the same sample indicate the
repeatability of this approach as mediated by the characteristic ring formation upon droplet
evaporation. Moreover, the ability to consistently obtain Raman spectra with easily identifiable

peaks facilitated subsequent analytical efforts.

The spectral peak locations remained consistent across samples. The 750-788, 810-830,
830-855, 1003, 1043-1095, 1440-1490, and 1655-1680 cm™ peak regions correspond to
tryptophan/nucleic acids, nucleic acids, tyrosine, phenylalanine, carbohydrates, proteins/lipids,
and lipoproteins, respectively.!* Given the essential nature of these biomolecules within
metabolic processes, their Raman presence was expected; however, the lack of evident peak
location variability amongst the different treatment groups (control, LPS, and TCDD) was not
expected. This could potentially be attributed to the short-lived exposure of the cells to the
environmental toxicants. If toxic exposure exceeded 24 hours, it is possible that the molecular
composition of the cellular secretions would have contained chemical modifications (i.e.,

phosphorylation, methylation, acetylation, etc.) resulting in slight differences in peak locations.

Although differences were not discernable on the basis of peak location, PCA results
suggested variations in normalized peak intensities between samples. For the murine bone
marrow-derived macrophages, differences in phenylalanine (1003cm™), carbohydrate (1053cm"
1, protein/lipid (1455cm™), and lipoprotein (1655cm™) content following LPS exposure were
consistent with inflammatory responses in immune cells. LPS binds to CD14 receptors of
macrophages to promote protein expression and cytokine secretion of tumor necrosis factor alpha

(TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-10 (IL-10), as the bone
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marrow-derived macrophages mount an immune response.'® The TCDD group exhibited
differences in carbohydrate and protein/lipid content which could potentially be attributed to the
toxicant’s ability to effectively suppress immune function by limiting cytokine secretion.!”1®
Following these discoveries in murine models, we sought to determine whether such clear
distinctions in biochemical composition translated to human cellular secretions. In the human
endometrial stromal cells, variations in phenylalanine, lipoprotein, and tryptophan/nucleic acid
(750-788cm™?) content after LPS treatment suggest, similarly to the murine bone marrow-derived
macrophages, that such exposure induces a proliferative response mediated by inflammatory
cytokines.® The TCDD treatment group showcased increases in tryptophan/nucleic acids (750-
788cm™), phenylalanine, carbohydrate, protein/lipid, and lipoprotein content which corroborate
the aforementioned estrogenic effects of dioxin exposure (i.e. endometrial growth).*® These
findings suggest that the biochemical changes induced through toxic exposure (i.e. LPS and
endometriosis-linked TCDD) were identifiable by Raman spectroscopy-based measurements in
both murine bone marrow-derived macrophages and human endometrial stromal cells.

Additionally, the results displayed distinct responses between acute inflammation (i.e., LPS) and

endometriosis-like (i.e., TCDD) samples.

These results suggest that Raman spectroscopy has potential to be an effective analytical
approach for differentiating between normal, inflammatory, and endometriotic responses via
biochemical cellular secretions. Additionally, the expression patterns of macrophages and
endometrial stromal cells following exposure to TCDD — an environmental toxicant which may
promote endometriosis — provide insight into the biochemical signature of this disease. However,

a larger sample size is needed to confirm these preliminary findings.
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CHAPTER I11: CONCLUSIONS AND FUTURE DIRECTIONS

As advancements in healthcare continue to be developed and implemented throughout the
world, fewer people will succumb to infectious diseases. The dominant medical focus globally
will shift from communicable diseases, such as malaria, diarrheal diseases, and lower respiratory
infections, to non-communicable diseases, such as cancer, cardiovascular diseases, and
endometriosis.! The latter have already become the focal point of many research efforts in
developed nations, but increased incidence of non-communicable diseases in low- and middle-
income countries beckons for the development of more effective and revolutionary treatment and
diagnostic approaches. Recent data corroborates this claim. Emergency hospitalizations for
endometriosis-related cases have steadily increased since 2011.2 Furthermore, on average in the
United States, women endure the disease for ten years before being properly diagnosed.® It is
evident that inadequate diagnostic capabilities and unreliable biomarkers for endometriosis are
resulting in delayed diagnoses and medical treatments. Given the deleterious nature and
progressive severity of endometriosis, there is a pressing need for novel diagnostic approaches to
effectively detect its presence in patients sooner in order to mitigate the number of emergency

procedures and improve patient health outcomes.

The results of this study highlight the potential of Raman spectroscopy-based
measurements to significantly improve current diagnostic capabilities for endometriosis. Raman
spectroscopy coupled with the surface plasmon resonance effect enabled the detection of
biochemical changes induced in the in vitro cellular secretions of murine and human
endometriosis models. The distinct spectral differences between the cellular secretions of
endometriotic (i.e., TCDD-exposed) and non-endometriotic (i.e., control and LPS- inflamed)

cells indicate the sensitivity of Raman measurements to identify modulations in tissue expression
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at the biomolecular level. Such findings will provide insight into the biochemical signature of

endometriosis and prove invaluable to efforts to improve diagnostics.

Despite this study’s promising direction, further research is needed. The immediate next
steps of this work are to perform linear discriminant analysis (LDA) and mass spectrometry to
confirm the significance of the spectral peaks and definitively assess the composition of the
toxin-exposed samples. Additionally, a larger sample size would provide greater statistical power
further substantiating the conclusions of this study. Furthermore, future works will utilize
plasmonic materials, such as gold and/or silver nanoparticles, as well as substrates with minimal
background Raman interference, such as calcium fluoride, quartz, or magnesium fluoride, to
augment signal-to-noise ratio (i.e., surface-enhanced Raman spectroscopy).*° Eventually, we
seek to integrate Raman spectroscopy-based measurements with the endometrial organ-on-a-chip
models developed by the Bruner-Tran and Osteen Labs for more physiologically accurate results

and insight into the progression of endometriosis.®’

In future endeavors, translational research will be conducted using a portable Raman
spectrometer. Unlike the bulky inVia™ Renishaw, the portable spectrometers enable mobile
Raman readings which is more amenable to clinical and workflow implementation. Although
there are several viable portable Raman spectrophotometers, our initial device prototypes have
centered around the Wasatch Photonics 633 Raman Spectrometer Series system due to its

versatility and easy setup process. This system uses a 633nm excitation laser with a laser spot of
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60pm and working distance of 22mm.% We have designed a preliminary 3D-printed glass slide

holder using SOLIDWORKS™ that is compatible with the portable system (Fig. 16-17).

Figure 16. CAD model for glass slide holder.
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Figure 17. Glass slide holder dimensions.

The goal of the slide holder is to allow for repeatable Raman measurements of dried
droplets on aluminum foil-wrapped glass slides. The Raman readings from the Wasatch
Photonics 633 Raman Spectrometer Series system will be compared to those of the inVia™
Renishaw (i.e. variability, spectral intensity, ease of peak detection, SNR, etc.) in order to
evaluate the ability of the portable system to serve as effective replacement for the Renishaw

system in analyzing biological specimen.

A few limitations were also present in this study. Aside from the limited sample size,
there was a lack of droplet characterization (i.e., imaging, size quantification, droplet variation,

and average evaporation time). Furthermore, the background signal emitted from the aluminum
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foil (i.e., 1250-1410cm™ region) interfered with analysis within that region. As previously
mentioned, a substrate with less background noise would prove beneficial and allow for a more

comprehensive spectral analysis within this region.

Overall, this research underlined the potential of Raman spectroscopy to non-invasively
detect biochemical changes in endometriosis models. Spectral differences correlated to altered
expression levels of amino acids/proteins, lipids, carbohydrates, and nucleic acids. Given the
lack of current biomarkers, this study provides essential insight into the biochemical signature of

TCDD-induced endometriosis.
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