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ABSTRACT 

 

This study employs a combination of theoretical and experimental analysis to 

spectroscopically investigate the biomechanistic structure relationship and therapeutic effects of 

the Nordihydroguaiaretic Acid (NDGA) chemical derived from the Larrea Tridentata plant. 

These relationships are crucial for understanding NDGA's efficacy in disease prevention, 

treatment, and potential toxicological effects. While the medicinal and antiviral properties of the 

NDGA have been studied extensively, there remains a gap in optically identifying and reporting 

its structural changes. The current research successfully reveals evident trends in NDGA's 

vibrational signatures, particularly highlighting the absence of the Raman feature at 780 𝑐𝑚ିଵ as 

indicative of a fully oxidized structural form contributing to its bio-toxicity alongside ortho-

quinone accumulation. Additional characteristic signatures of these toxic forms include the 

Raman lines at 1582 and 1698 𝑐𝑚ିଵ  and the IR vibrational line at 1680 𝑐𝑚ିଵ. By elucidating 

these morphological changes, this study offers valuable insights for the development and 

implementation of new drugs. Connecting evidence in supporting this statement is the second 

part of the study, where the NDGA was used for glioblastoma (GBM) treatment. Again, 

combined experimental Raman and statistical analyses were implemented to detect the drug 

effect on GBM-treated human cells. 

 As a potential therapeutic agent, NDGA is a reactive oxygen species (ROS) scavenger 

and antioxidant. This phenolic lignan had positive effects on multi-organ malignant tumor 

reduction and inhibition. Although the drug concentrations were beyond the Raman capability 

limit of their detection, the results show a decrease in altered protein content and ROS-damaged 

phenylalanine upon NDGA administration. The use of phenylalanine as a biomarker for 
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differentiating across samples and evaluating NDGA's effectiveness is a new finding discussed 

here. The creation of lipid droplets and a decline in the altered protein content indicate that 

treatment with a low dosage of NDGA over long periods reduces abnormal lipid-protein 

metabolism. The knowledge acquired via this research is significant for comprehending both the 

positive and negative bio-effects of NDGA as a potential treatment for brain cancer. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Traditional Medicine  

 Traditional medicine (TM) uses beliefs and experience (usually from the use of plants 

and herbs) to alleviate and/or treat physical and mental diseases. Plants and herbs have been used 

as medicine by humans for at least 60,000 years, according to fossil records [1]. Early humans 

faced great difficulty developing treatment from natural products in prehistoric times. A “trial 

and error” method must have happened with the consumption of poisonous plants that often led 

to death. However, this approach also contributed to the development of natural medicine from 

plants and herbs that helped the survival of early humans. 

 In its various forms and theories, TM, while not perfect, has helped build the foundation 

of modern medicine known today. The use of botany and herbal medicine as tea originated in 

ancient China. It is believed that the Chinese emperor Shen Nong drank the first official cup of 

tea (as a plant infusion) in 2737 BC when a leaf fell into a pot of boiling water [2]. Chinese TM 

has been recognized consistently as the most advanced, historically and globally. The records of 

the Grand Historian (Shi Ji in Chinese), written by Si Ma Qian (145-87 BCE), a Chinese 

historian of the Han dynasty, claimed that China's civilization and culture date back five 

thousand years. However, archaeology has shown that it spans ten thousand years (202 BCE-

220) [3]. Today, tea and plant infusion are the second most consumed beverage in the world after 

water. Tea’s massive system is rich with practical medical technologies and verified experiences 

that have progressively assimilated into modern medicine. 

 Tea has become an affordable and effective alternative medicine as the world's 

population grows older and more individuals suffer from illnesses or bad health. It is mainly 
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consumed by people who cannot afford or have limited access to health care. TM has been 

revisited consistently because of its therapeutic effects prior to modern medicine's development. 

Moreover, several studies have found an inverse relationship between tea drinking and the 

development of various forms of cancer [2][4][5].  

Different cultures have developed beneficial treatments and methods to treat various 

health diseases. Because Chinese TM gained popularity in western countries, currently, over 1.5 

billion people worldwide use TM in addition to or as a substitute for their healthcare [1]. Due to 

TM’s broad reliance on treating diseases, it is essential to investigate the therapeutic and 

medicinal effects of such practices in more detail. Various forms of tea have already proven to 

have benefits in promoting optimal health. Drinking tea can support the body's immune system 

to fight illness more efficiently and may alleviate the severity of the disease [5]. Green tea, one of 

the most popular forms of tea, is known to aid the host's defense against several diseases by 

reducing the pathogen's capacity for infection, thus assisting the host's immune system in 

responding to illness [5]. It can help fight infections and has anti-inflammatory, tissue repair, and 

improves autoimmune disorders tolerance [5].  

The four most prevalent tea varieties on the market are black, oolong, green, and white. 

These tea and others contain antioxidants, which provide therapeutic effects towards anticancer, 

cardiovascular, neurological, diabetes, and arthritis, to name a few [4][6]. Based on the many 

benefits of drinking tea and the fact that modern medicine improves from the investigations of 

natural products, it is essential to investigate other plants with such properties. In recent years, 

many studies have focused on a plant known as Larrea Tridentata or Creosote Bush and its 

therapeutic effects. Larrea Tridentata is an important medicinal plant of the American-Indians of 
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the southwest of the US, mainly the Apache [7]. The Apache ate and drank the plant to cure 

digestive problems and illness [7]. 

 

1.2 Larrea Tridentata (la Gobernadora)  

The Creosote bush (Zygophyllaceous family), also known as Larrea Tridentata, is 

commonly found in the Mojave, Sonoran, and Chihuahuan deserts, as well as in some parts of 

Argentina. The drought-tolerant bush is the dominant shrub in this desert, covering thousands of 

square miles. Locally, it is known as la Gobernadora, which means governess in Spanish. Due to 

its strong scent is referred to as la Hediondilla, meaning the smelly little one. The Creosote bush 

is a 1–3 meter tall, branching, knotty evergreen shrub, as represented in Figure 1.1. The leaves 

are opposite and have two asymmetrical leaflets about 1 cm long. [8] The plant’s leaves have 

been used in traditional medical practices in tea infusion for generations to treat and prevent 

more than 50 diseases.[8] 

Figure 1.1. Larrea Tridentata bush and the plant’s flowers. [9][10] 

 

 Tea has long been used in Mexico to remedy kidney and gallbladder stones, which 

continues even today in areas where the plant grows abundantly [6]. The plant has many benefits 
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when taken as herbal medicine, including treating renal disease, tuberculosis, gallbladder 

ailments, rheumatism, diabetes, skin disorders, cardiovascular disorders, neurological, and 

cancer [8]. Modern medicine continues to advance and depart from traditional medicine. 

However, TM is still a strong foundation for critical and scientific understanding of many drugs’ 

efficacies and for studying various bio-mechanisms.  

The known beneficial qualities of Larrea Tridentata fade if consumed in high 

concentrations, leading to hepatotoxicity. This was one of the main motivations and the reason 

for its banning in 1970 by the US Food and Drug Administration (FDA) of the United States and 

discouragement of its employment in treatments or as a food ingredient. Despite the FDA 

prohibition, studies were still being conducted to scientifically understand its benefits for future 

therapeutic usage. Examples include research assessing the safety of a low-dose therapy to 

participants who previously used the plant for traditional purposes, from oral to topical 

applications [11]. The results showed that patients with no history of prior liver illness did not 

develop them because of the usage of Larrea Tridentata; either in a complex herbal combination 

comprising less than 10% tincture or in an oil extract for topical treatment. Based on these 

investigations, a correlation between the concentration of Larrea and its toxicity was 

demonstrated. Also, it had been suggested and recommended less usage of Larrea Tridentata 

capsules, as it can lead easily to a harmful overdose. This remark could also be regarded as a 

consequence of a poorly understood metabolic effect of all plant components [11].  

Creosote bush is well recognized in the natural product chemistry as a main producer of 

nordihydroguaiaretic acid (NDGA), a lignan deposited on the plant’s leaves (at their surfaces). 

The NDGA is responsible for most of the plant’s therapeutic effects. Thus, its successful 

extraction and purification contributed to the elimination of other toxic plant components, 



 

5 

reducing the potentially harmful influence of direct consumption of natural products. 

Consequently, NDGA’s detailed structural forms will be the focus of the first part of this study.  

 

1.3 Nordihydroguaiaretic Acid (NDGA) 

The primary extract of the Creosote bush, NDGA, is a phenolic lignan with antioxidant 

properties and ability to scavenge reactive oxygen species (ROS). It was scientifically identified 

and extracted from the plant in 1945 and purified chemically in 1955 [12][13]. Direct evidence 

supporting that NDGA is the main component of the plant is shown in Figure 1.2, where the two 

spectroscopic spectra of the NDGA and the plant infusion are presented [14]. In addition to much 

broader bands in the spectrum of the plant infusion, which are attributed to OH vibrational 

components from water, there is an obvious similarity between these spectra. 

Figure 1.2. Infrared spectra of NDGA and Larrea Tridentata[14]. 
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 As seen in Figure 1.3, NDGA's molecular structure contains four phenolic hydroxyl 

groups, allowing for scavenging ROS. Examples of ROS are hydroxyl radicals, superoxide 

anion, singlet oxygen, peroxonitrite, and hydrogen peroxide. The antioxidant makes up about ten 

percent of the dry weight of Larrea Tridentata’s leaves and eighty percent of all flavonoids and 

lignans present in the plant's resin [11].  

Figure 1.3. Chemical structure representation of Nordihydroguaiaretic acid (NDGA) in neutral form. 

 

ROS, also known as free radicals, form and accumulate in enormous quantities in living 

organisms. These quantities can cause damage to cells due to the oxidative stress processes. Free 

radicals enter the body in many forms, from air/water pollution and from processed foods. Given 

that oxidative stress and inflammation are critical pathogenic causes of many renal diseases, 

NDGA has emerged as a potential option and remedy because of its significant importance as an 

antioxidant and ROS scavenger. In addition, NDGA has anti-tumorigenic and anti-proliferative 

properties for suppressing tumor growth by inhibiting metabolic enzymes and receptor tyrosine 

kinases (RTK) phosphorylation [15]. The chemical structure of NDGA changes due to the 

oxidation of its phenolic hydroxyl groups creating different morphologies. The ability to 

discriminate between unoxidized and oxidized NDGA forms is valuable for understanding the 

compound’s therapeutically benefic effects. Such known structural modifications could increase 

the compound's therapeutic potency and reduce its toxic effects. While NDGA treatment at more 

than 100 mg/kg for extended periods is harmful, a high dose over a short period (bolus therapy) 
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may have some favorable chemotherapeutic effects. This later approach should be also 

considered and further investigated [16]. 

However, an accurate distinction between such morphological changes of NDGA has yet 

to be optically detected and studied. The lack of optical studies of NDGA is due to the compound 

needing to be optically inactive in its natural form. However, a decreased fluorescence intensity 

from NDGA binding with fluorophores in proteins is reported when administered as a drug [17]. 

It has been theoretically predicted that NDGA absorption happens at about 280 nanometers (nm) 

in the UV-VIS spectrum [18]. In this case, it was not a direct identification of NDGA itself but of 

its association with significant carrier proteins such as serum albumins. This finding was 

essential for understanding the transport and metabolism of NDGA as a drug [17]. However, 

other chemical conformations of NDGA associated with oxidation or binding to analytes have 

absorption in the same UV-VIS optical region [18]. Therefore, more research on the distinction 

between NDGA morphological forms is needed to understand the drug's toxicity, potential harm 

to the body, and any positive benefits. Raman Spectroscopy and Fourier Transform Infrared 

Spectroscopy (FTIR) are optical techniques that enable a label-free detection of these 

morphological changes of NDGA.  

In recent years, NDGA and its derivatives have been gaining interest as a 

chemotherapeutic agent against cancers, specifically for brain cancer, which is the main 

objective of the second part of this study. Other lignans have also succeeded as pharmaceutical 

compounds and have shown promise in cancer treatment [19]. In the rodent model, NDGA has a 

lipoxygenase (LOX) inhibitory effect and the ability to enhance fatty acid oxidation via 

peroxisome proliferator-activated receptor α (PPARα)-dependent pathways that suppress tumor 

growth [20]. The LOX inhibitory effect depends on the cancer cell type and context. Several 
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cancer cells have altered LOX properties and protein and lipid alteration. Prior to investigating 

NDGA’s anti-tumor properties, we first need to be able to identify and discriminate optically 

between beneficial or detrimental morphological forms of NDGA. 

 

1.4 Glioblastoma  

Cancer treatments are limited to surgery, chemotherapy, and temozolomide to shrink 

administration to shrink tumors. Even though the death rate from cancer has been steadily 

decreasing in the United States since 1990, cancer remains a serious hazard to human health [21]. 

Another difficulty in effectively treating cancer is that when a tumor grows in multiple organs, it 

might take on distinct phenotypes, which can alter cancer progression and make it challenging to 

avoid metastasis [22][23][24]. The spread of cancer to other organs further complicates treatment. 

The most effective therapies should target organ-specific malignant tumors and mediate multi-

organ metastasis. Typically, neoplasm and metastasis cancer cells migrate from other organs 

through the bloodstream. However, brain tumors in the central nervous system are formed 

intracranial. The most common malignant glioma is the intracranial glioblastoma multiforme 

(GBM) analyzed in this work. 

 Detection and diagnosis methods include Magnetic Resonance Imaging (MRI), Positron 

Emission Tomography (PET), Computed Tomography (CT), and Ultrasound Sonography (US). 

Due to GBM growing with tendrils that are too small to detect, the removal of the main tumor by 

surgery is usually not enough. Despite recent improvements in cancer therapies, understanding 

the different routes and processes that lead to cancer occurrence, resistance, and recurrence 

remains a problem. Again, using Raman microscopy, which is an optical technique with all the 

advantages of optical methods for real-time diagnosis, additional important insights are now 
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achievable. Raman also has the significant advantage of not requiring fluorescent tagging for 

identifying molecular signatures. Consequently, has recently gained popularity [25]. It has been 

proven that Raman methods have the ability to detect brain cancer cells in humans with higher 

accuracy than MRI [25].  

It is essential in research to investigate innovative ways of treatment against brain cancer 

and to improve the treatments available. Based on the studies of NDGA, the antioxidant 

possesses excellent promise as a treatment not just for glioblastoma but also for several other 

cancer cell lines. In vitro, NDGA exhibits anti-tumor effects in various cancer cell lines in 

concentrations ranging from 1-100 µm [19]. In animal models with tumors, NDGA tested in 

doses of .750-100 mg per kilogram of body weight held good promise [26]. However, it is 

essential to consider both the toxic effects of NDGA in high concentrations and the reported 5- 

lipoxygenase (LOX) inhibition by NDGA. In the rodent model, NDGA is known to have 

lipoxygenase (LOX) inhibition effects [20]. This inhibition is an essential characteristic of 

NDGA for elevated levels of 5- LOX and 12-LOX, which promote tumor cells' growth and pro-

survival factors as they regulate pro-inflammatory responses [27]. LOX causes lipid-peroxidizing 

enzymes that alter lipid content and, if over-expressed, can develop cancer due to high levels of 

cell stress [19][28][29]. Understanding the beneficial effects of the 12- and 5-LOX inhibition by 

an antioxidant such as NDGA is important because it can target critical pathological pathways 

simultaneously in proliferation, deficient apoptosis, metastasis, cancer angiogenesis, chronically 

elevated oxidative stress, as well as in the Niche of the tumor [19].  

To this end, Raman spectroscopy is a powerful and effective label-free technique for 

analyzing and discriminating between normal cells and tumor cell lines. The ratio between lipids 

and proteins in the Raman spectra could determine the cancer grade. It also can differentiate 
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between several types of brain cancer, including glioblastomas, meningiomas, and metastatic 

tumors [30] 

 Preclinical and clinical data showed that some of the recently developed NDGA analogs 

have great potential as cancer therapy, alone or in conjunction with other drugs. In the past 60 

years, preclinical trials in cell culture and mice have shown that the lignan NDGA is a promising 

medication for the prevention or treatment of various diseases and cancer types [19]. However, 

there has yet to be much success in translating these findings into a therapeutic setting. 

Improving our understanding of their mechanisms of action and avoiding unwanted toxicological 

effects are critical to transforming TM into practice. Thus, in this study, we will first identify and 

discriminate the morphological form of NDGA using Raman and FTIR spectroscopy. This 

information on Raman and IR signatures of NDGA is essential to have before investigating the 

anti-tumor effects of NDGA in glioblastoma, as it allows for a better understanding of the 

compound’s influence. 
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CHAPTER 2 

EXPERIMENTAL BACKGROUND AND METHODOLOGY 

 

2.1 Spectroscopic Techniques  

Spectroscopy is a branch of science used to investigate and measure spectra produced 

when matter interacts with or emits electromagnetic radiation (i.e., electrons, protons, and ions). 

as a function of collision energy. In optical spectroscopy, the incident light radiation (from a 

broad lamp source or a monochromatic laser) when interacting with the atoms/molecules in a 

sample is partially absorbed or radiated by scattering. The occurring changes in frequencies 

between the incoming and outgoing radiation contribute to identifying any material. They are 

considered a “fingerprint” for particular molecules since no two types of molecules vibrate the 

same. Spectroscopic methods are based on emission, absorption, fluorescence, and scattering 

phenomena that can be used to obtain a qualitative and relative quantitative analysis of materials 

[31]. Sensitivity, safety, noninvasiveness, miniaturization, low operating costs, and quick, 

automated sample turnover are some benefits of spectroscopic analytical methods.  

The qualitative analysis establishes the identity of constituents in the sample, while the 

relative quantitative analysis estimates the relative concentration of a constituent/chemical 

substance in the studied sample. The energetic modifications of the molecules are made of 

translational, rotational, vibrational, and partly electrical types. These are related to the degrees 

of freedom in the chemical sample's bonds, which can change as the molecules interact with a 

monochromatic laser (in the case of Raman spectroscopy) or with the light from a broad lamp 

source (in the case of infrared absorption). The electromagnetic energy of the light (with a 

dominance of the electrical type of energy) gives rise to absorption and emission in the 
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ultraviolet and visible regions of the spectrum. In addition to absorption, most of the scattered 

radiation is elastically scattered, having the same frequency as the incident radiation. This 

radiation is called Rayleigh scattering. Only a tiny amount of the radiation has a different 

frequency than that of the incident radiation. This radiation amount constitutes the Raman 

scattering/effect, which is employed in current data collection. 

No change in the wavelength of the individual photons occurs in Rayleigh scattering, 

which does not give any information about the sample. Spectroscopic techniques such as Raman 

and Fourier transform infrared (FTIR) absorption can be used together to study the molecules’ 

composition in samples. Fourier spectroscopy is a common term that describes the analysis of 

varying signals into their constituent frequency components. Mathematical approaches named 

after J.B.J. Fourier are potent in spectroscopy and have been discussed in detail elsewhere [31]. 

Fourier transform can be applied to various research fields like infrared absorption, Raman, 

nuclear magnetic resonance (NMR), and electron spin resonance (ESR). 

 

2.2 Raman Spectroscopy   

Raman spectroscopy, one of the techniques employed in the current study, is named after 

its inventor Sir Chandrasekhara Venkata Raman, an Indian Physicist. He discovered that the 

interaction of incident radiation with a molecule could produce radiation with different 

frequencies. Raman spectroscopy is a technique based on the Raman effect or the inelastic 

scattering (Raman scattering). It is used in the scientific investigations and analyses of materials 

to provide additional chemical and structural information about various molecules.  

The samples are illuminated with an intense monochromatic laser source, the incident 

radiation. The interaction occurring with the constituent molecules of the sample produces the 
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scattering radiation, which is collected using a spectrometer or CCD camera and further 

analyzed. When the incident radiation has a higher energetic (frequency) value than the scattered 

radiation, Stokes frequency lines appear in the Raman spectrum. Anti-Stokes lines appear when 

the incident frequency is lower than the scattered radiation. These Stokes and anti-Stokes 

vibrations are either above or below the Rayleigh scattering line, which happens when the 

radiated frequency matches the initial one, as illustrated in Figure 2.1.  

Figure 2.1: Raman stokes, anti-stokes, and Rayleigh scattering processes via virtual states (denoted by 

dash lines). Absorption A and emission E are between real energy levels on the left. [32] 

 

This Stokes terminology arose from the Stokes' law of fluorescence, which stated that a 

fluorescent radiation always occurs at lower frequencies than the exciting radiation [33]. A pure 

rotation usually gives a spectrum in the microwave region or far infrared. Other types of 

molecular vibrations provide a spectrum within most of the infrared spectral region. The 

significant difference between fluorescence and Raman scattering is that the latter effect can 

happen for any frequency of incident radiation; it is not always a resonant effect. In practice, the 

fluorescence effect is anchored at specific frequencies only. On the other hand, Raman scattering 

has a constant separation from the excitation frequency. The polarization needs to change during 
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molecule vibration to obtain a Raman spectrum. Also, avoiding fluorescence in the sample is 

vital since it is much stronger than the Raman scattering, interfering with the gathered results.  

The Raman effect is weak, typically 10-8 of the intensity of the incident, exciting 

radiation. The classical approach of the Raman effect considers the scattering of molecules as a 

collection of atoms undergoing simple harmonic oscillations, following appropriate quantization 

of the vibrational energy [34]. Electromagnetic radiation can be defined by its wavelength λ, 

frequency ν, and wavenumber ṽ. They are interconnected as seen in equation 2.1. The 

wavenumber is measured in cm-1 (inverse length), the number of waves in one wave train. 

                                              ṽ =
୴

ୡ
                    ṽ =

ଵ

஛
                                                      (2.1) 

where c = 2.99792458x1010 cm/s is the speed of light, v is the frequency in the cycles per second 

or Hertz, and λ is the wavelength in cm. While wavelength is a radiation property, energies and 

frequencies unite the radiation with molecules. 

 In quantum theory, the energy of the photon, Ep, is given by equation 2.2: 

                                            E = hv                    E = hcvത                              (2.2) 

where h=6.6256x10-27 erg-sec is the Plank’s constant. 

The molecule's rotational, vibrational, or electrical energy changes due to energy 

conservation when a photon is emitted or absorbed. The energies are positive if absorbed and 

negative when lost. The radiation causes an induced dipole moment in the sample, which is 

related to the polarizability α, the dipole moment P, and the electric field E by: 

                                                           P=αE                                            (2.3) 

The dipole moment is a vector and polarizability a tensor. The polarizability measures the 

distortion of the molecule’s electron cloud caused by the electric field. This change in the 

electron cloud allows for optical frequencies to undergo amplitude changes in the oscillations of 
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the dipole moment, resulting in measurable Raman frequency components. A Raman spectrum is 

a plot of Raman scattering intensities as a function of the change in frequency from the incident 

frequency; the so called Raman shift. 

 Since most of the samples are measured at room temperature or in thermodynamic 

equilibrium, the molecules are in their ground states. The energy of the incident radiation is 

completely absorbed, causing the molecules to be excited. The emission energy of the scattered 

light can be the same as that of the incident radiation (elastic scattering) or at different 

frequencies (Stokes and anti-Stokes). At room temperature, the Stokes lines are more intense 

than the anti-Stokes lines. This effect can be used to examine the sample as their ratio depends 

on temperature [30].  

Concerning temperature-dependent Raman measurements, both Stokes and anti-Stokes 

scattering lines can be used; the ratio of the intensities of the same Raman peak in both regions is 

frequently calculated for determining the purity of materials or structural changes [35]. However, 

the Stokes lines are employed mostly to determine the sample’s chemical structure due to their 

stronger intensities. 

 

2.3 Fourier-Transform Infrared Spectroscopy 

Fourier-transform interferometry was initiated in the late 1880s, when Albert A. 

Michelson invented the interferometer known today as the Michelson interferometer. The 

instrument was well received at the time, awarding Michelson the 1907 Noble Prize in physics. 

He and Morley used this very instrument to perform a well-known experiment to determine the 

speed of light [36]. Fourier-transform infrared spectroscopy (FTIR) is used to measure infrared 

radiation as a function of both wavelength and frequency to determine the functional groups in a 
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compound. When an object is exposed to the infrared radiation, part of the radiation is absorbed 

by the object, and some of it goes through (is transmitted). Because molecules are made up of 

numerous groups of atoms rather than simply a two-atom pair, each of these atomic groups has 

its vibrational transitions and influences the energy of the vibrational changes of the other groups 

in the molecule [37]. Thus, the resulting signal at the detector represents a “fingerprint” spectrum 

that is unique to the sample, as seen in Figure 2.2.  

Figure 2.2: Infrared (IR) spectra produced by bands of various functional groups viewed as the sample's 

unique fingerprint. [38] 

 

 FTIR can also indirectly determine the electric properties of samples, such as deciding 

whether it is an insulator, superconductor, or semiconductor, as well as band gaps due to the 

change of the electric dipole moment. FTIR spectrometers became more common because of 

their speed, accuracy, and sensitivity, which were previously impossible to measure with 

wavelength dispersive spectrometers. Infrared radiation is an invisible electromagnetic radiation 

just below the red spectral region in the visible spectrum, with a wavelength range from 700 nm 

to 1 mm [37]. Concerning the interaction of this type of radiation with the matter, a dominance 

of transverse vibrational transitions happen. Infrared radiation is too low to affect the electrons 

within the individual atoms and too powerful for translational shifts [37]. 
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In the vibrational transitions, the absorbed incident radiation by the sample can be 

explained in terms of resonance conditions, where the incident radiation frequency matches the 

natural frequency of the normal modes of the molecules. The best way to describe this effect 

classically is by describing the modes between the atoms as weightless springs obeying equation 

2.4 also known as Hooke's law: 

                                                         F = -kx.                                                                  (2.4) 

The potential energy of a molecule obeying Hooke's law is obtained by integrating the 

equation of the force:  

                                   F = - (dV /dx)          V(x) = 
ଵ

ଶ
kxଶ                                                (2.5) 

 Graphically, the potential in equation 2.5 is a parabola. It is referred to as a harmonic 

potential because the molecule performs a harmonic motion [39]. For infrared absorption to 

occur there must be a change in the dipole moment of the vibrating molecules.  

The acquired signal is composed of the normalized absorption and/or transmission to the 

response of the detector. When added together, the absorption and transmission become a 

quantity of one. As seen in equation 2.6 this can be expressed as a ratio for the transmitted 

intensity 𝐼் to the initial intensity 𝐼ூ , modulated by the thickness, d, of the sample and the 

coefficient of absorption α , which is specific to the material. The relationship between the 

transmitted and incident at specific wavenumbers 𝑣 is called the Bouguer-Lambert-Beer Law of 

absorption of light. 

T=
୍౐

୍బ
= eି஑ୢ                                                                  (2.6) 

Light can also be reflected, 𝐼ோ(𝑣), in certain materials. Although the contribution of such 

intensity is incredibly low and depends on the material type, it is provided by: 

                                            𝐼ூ(𝑣) = 𝐼଴(𝑣) − 𝐼ோ(𝑣)                                                        (2.7) 
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2.4. Advantages and Disadvantages of Raman and FTIR Techniques 

A main advantage of these spectroscopic techniques is providing the structural 

characterizations of organic and inorganic materials at the molecular level in a label-free manner. 

However, as with any technique, they also have their limitations.  

For example, when the fluorescence of some reflective materials is hiding entirely or part 

of the Raman vibrations, some other approaches that decrease the fluorescence are used. One 

approach is lowering the excitation wavelength, so the Raman peak is shifted to a lower 

wavelength.  Photo-bleaching is another approach, where the sample is irradiated for a period of 

time, breaking down the fluorescent molecules and reducing the fluorescent background. Photo-

bleaching should be approached with caution if dealing with biological samples as it can create 

irreversible damage. Since fluorescence is a limitation in Raman spectroscopic measurements, 

which does not hamper infrared types of investigations based on FTIR, complementary analysis 

is needed for an improved characterization.  

While fluorescence /photoluminescence can diminish the signal in the Raman 

spectroscopy, even overwhelming it, in a non-dispersive technique such as FTIR, the incoming 

radiation frequencies are not spatially separated. The sample’s signal is compared to a signal 

coming from a moving mirror, as will be described below in the experimental set-up section. 

When the natural frequency and wavelength of the sample match, it increases/enhances the wave 

properties and signal.  

On the other hand, FTIR spectroscopic method is sensitive to water absorption, making it 

inappropriate for studying aqueous materials. For the measurement of aqueous solutions, because 

water produces weak scattering in the visible range, Raman measurements are more suitable. 
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Because both methods have their advantages and limitations, they are typically used together to 

complement each other in providing different properties of the sample. 

 

2.5 Experimental Set-Up – Alpha 300RAS Witec Confocal Raman System 

The main goal of any analytical technique is to obtain the best results. With basic Raman 

spectroscopy, it is possible to get a good signal from a location on the sample, record it using a 

spectrometer or a multi-channel detector, and disperse it to a spectrum. This is assuming the 

sample emits minimal fluorescence, which does not hide the signal. Examples of Raman spectra, 

with labeled assigned functional group are presented in Figure 2.3. 

Figure 2.3: With peaks from certain functional groups indicated, below is an example of five molecules:  acetone, 

ethanol, dimethyl sulfoxide, and ethyl acetate and toluene respectively.[40] 

 

Raman spectrophotometers can be non-dispersive or dispersive. Raman spectra are 

recorded over a range of 4000-10 cm-1. In organic molecules, the Raman active normal modes 
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usually occur in the 4000-400 cm-1 [41]. Overtones, combinations, and difference bands are rare 

in the Raman spectrum, making it significantly more straightforward than its infrared (IR) 

counterparts. 

Measurements are more easily accomplished using Raman spectroscopy than other 

methods, mainly because of a less demanding sample preparation. However, basic Raman 

spectroscopy does not give a controlled sampling volume. Thus, over the years, another 

technique, Raman microscopy, has been developed on the foundation of Raman spectroscopy 

and confocal microscopy. In confocal Raman microscopy, the desired amount of the sample can 

be analyzed with a high precision laterally (on the x-axis and y-axis), as well as in depth (on the 

z-axis). The depth profile type of sample analysis is enabled by the addition of a confocal 

pinhole as part of the experimental setup. It is a defining feature of confocal Raman microscopy. 

A schematic of the optical pathway of the confocal Raman microscope is shown in Figure 

2.4. 

Figure 2.4: Schematic optical layout of a Confocal Raman Microscope with assigned labels for each 

component of the system. [42] 
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Numerous fundamental parts make up a basic Raman system: a laser, objective lens, 

rejection filter, spectrometer, and detector/CCD camera. Employment of an optical microscope 

in a confocal Raman system allows for visual and spectroscopic exploration, such as a single 

point, mapping, or imaging measurements. The scope of the objective lens is to collect the 

electromagnetic radiation emitted from the targeted spot with a laser and send it to a 

monochromator, which will transmit only a mechanically selectable narrow band of wavelengths 

or radiation from a range of wavelengths available at the input. The microscope will enable the 

examination of each point at a time by measuring the scattered and absorbed radiation from a 

particular location in the sample.  

Historically, the 435.8 nm excitation line of coiled low-pressure mercury arc lamp was 

used as a light source until the 1960s [41]. Laser sources became available later and replaced the 

mercury lamp, as they provided a more stable and intense beam of monochromatic radiation 

[41]. From a variety of laser sources, the one using a 532 nm excitation wavelength became 

popular, because it provided a relatively high Raman excitation energy with little fluorescence. 

However, soon it had been realized that longer wavelength lasers, such as those with a 

wavelength of 785 nm, 830nm, and 1064 nm, induce less electronic excitation. Currently, such 

laser sources are utilized frequently for an even higher reduction in fluorescence [41]. 

The objective lens collects Rayleigh and Raman scattering from the sample, which is then 

transmitted through the beam splitter toward the Rayleigh rejection filter [42]. As mentioned 

before, only about 1 in 10 million of the photons are Raman scatter; the rest are Rayleigh scatter 

and contain no information about the sample. The purpose of the filter is to remove the Rayleigh 

scattering and Raman scattering to remain. The rejection filter can be either an edge or notch 

rejection filter. Edge filters are precise long-pass optical filters that transmit all wavelengths past 
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their "edge" after absorbing all wavelengths up to that point. They allow only a certain scatter to 

pass [42]. Notch filters are holographic filters having a sharp absorption peak at one specific 

wavelength, designed to coincide with the laser wavelength, and transmit all desired wavelengths 

[42].  

The Raman scatter then travels to a confocal pinhole that is utilized to focus the residual 

Raman scatter, improve the spatial resolution, and reduce the fluorescence background of the 

Raman mapping. As seen in Figure 2.4 the pinhole is located between two converging lenses. 

The focused Raman scatter is then allowed to pass through the spectrograph, where is separated 

by wavelength, and recorded by an array detector [42]. The spectrum generated allows for the 

identification of various functional groups in a sample.  

Clear advantages of confocal Raman microscopy usage were acknowledged in many 

fields of nanoscience, material science, and nanotechnology. Another rapidly growing 

application of confocal Raman is in the bio-science arena and pharmaceutical industry. The 

ability to give improved spatial resolution allows us to examine cells in their natural 

environment. Little sample preparation is needed for such measurements, making confocal 

Raman unique. Concerning bio-pharmaceutical applications of the technique, the resolution 

allows further investigation of the chemical changes in the structure of individual cells, 

spectroscopically and microscopically. The sample imaging that can be generated through 

confocal Raman mapping enables visualization as well. Mapping can be performed in two ways: 

by scanning the light beam throughout the sample or by moving the sample using the three-

dimensional x-y-z axis scanning stage. Furthermore, a complete spectral information at each 

pixel can be extracted from such image, allowing us to see the Raman signature of components 

within the cell.  
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Thus, with quality confocal Raman microscopy, it is possible to analyze individual 

particles in dimensions of 1µm. In dispersive instruments, a notch filter, and a quality grating 

monochromator, called a bandpass filter, are used to isolate a single laser beam. These 

monochromators are used to separate relatively weak Raman lines from intense Rayleigh 

scattering radiation. For an increase resolution, double or triple grating monochromators, 

rejection filters, super notch filters, holographic notch or edger filters, and holographic filters are 

used [41]. The laser gives a visual inspection of the sample covering an area of about 1x1x5µm. 

A significant advantage of Raman spectroscopy is the high resolution that can be obtained 

compared to FTIR, which is about ten µms. The confocal Raman microscopy, a valuable 

techniques in biochemical research, was used in this study. Also, a high resolution/super-

resolution was maintained throughout the experiments. 

The system employed in this study is the alpha 300RAS Witec confocal Raman system 

located in the Optical Spectroscopy and Microscopy laboratory at the University of Texas at El 

Paso. This system is showed in Figure 2.5. 

Figure 2.5: The 300RAS Alpha Witec confocal Raman system located in the Optical Spectroscopy and 

Microscopy laboratory and employed for this study. 
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2.6 Experimental Set-up - Bruker IFS 66v FTIR System 

Several subsystems are involved in Fourier transform infrared measurements, namely 

emission sources (lamp source), collection devices (detectors), modulation (mirrors and 

beamsplitter), and transformation; the last two are usually software controlled. In using a 

conventional spectrometer, which consists on dispersive elements like prism and grating, there is 

a need to scan across a single line/wavelength in the spectrum. When Fourier concepts are 

applied to optical spectroscopy, enables a new technology (i.e., interferometry) to give the entire 

spectrum at once [36]. In Fourier transform spectrometry, the purpose of the interferometer is to 

measure the intensity of each wavelength emitted from the light source. While the whole FTIR 

system is quite complex, as can be seen in Figure 2.6, the interferometer is the most vital 

component; thus, it is “its heart”. 

The computer oversees controlling optical components (automatically moving mirrors to 

redirect the light beam to different detectors), collecting, and storing data to conduct further 

calculations that have as the final product, the spectra. Because of interfacing the interferometer 

with the computer, spectra can be arithmetically manipulated in many ways. For example, 

interfering absorbance can be eliminated by subtracting from composite spectra the absorption 

bands due to interfering components [36]. 

An FTIR interferometer is built on the Michelson interferometer principles of operation 

and concepts that were explained previously. As shown in Figure 2.7, where the optical path 

inside an interferometer is presented schematically, it has also several components. One vital 

component is a lamp source (light source) that emits radiation/light that is detected to a 

collimator, and next to a beamsplitter. Another essential part is its two modulating mirrors, one 

moving (labeled in Figure 2.7 “Mirror Scanner”) and one stationery. 
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Figure 2.6. An illustration of the Bruker IFS 66v FTIR system (Bruker Optics Inc., Billerica, MA) general 

layout and information on its individual parts. Compartments for the Michelson interferometer (A), sample 

chamber (B), detectors (C), and optical systems (L).[43] 
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Figure 2.7: Bruker IFS 66v FTIR system optical path.[44] 

 

The two plane mirrors are conjointly perpendicular; one mirror is allowed to move along 

the axis perpendicular to the other mirror. As illustrated in Figure 2.7 a beamsplitter is placed 

between these mirrors, allowing half of the light to be reflected and the other half to be 

transmitted. The beam-splitter is oriented 45 degrees from the incoming infrared radiation/light 

and divides it into two beams of light of equal intensities [37].  

The generated signal is called an interferogram, which is a recording by the infrared 

detectors of the modulated intensity at the beamsplitter. The two split beams of light that undergo 

two optical paths create the interference pattern. They are reflected by the mirrors back to the 

beamsplitter, where they recombined. Thus, the signal is captured as a function of the path 

difference between the interferometer's two optical paths. A Fourier transformation is also 

conducted to obtain the final spectrum. The basic integral equation used in this data processing 

can be obtained from the definition of the Fourier integral theorem and the principle of 

superposition of waves [36].  
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When the two beams recombine, two scenarios can happen. The light beams, which are 

electromagnetic waves, can undergo constructive or deconstructive interference. The interference 

depends on the electromagnetic waves' optical path difference and wavelength. The optical path 

has a difference of 2x, called the retardation distance, when the two beams are recombined. On 

the other hand, the optical path is measured mathematically by taking the physical path (L) and 

the optical path (2L), which is the actual distance of the reflected light. The light would travel a 

physical length of L and an optical path of 2L to return to the beamsplitter, if the moving mirror 

and the stationary mirror were to be located at the same distance from the beam-splitter. Thus, 

when the movable mirror travels small amounts of length x, the split beams of light travels a 

distance of 2(L + x) [37]. 

Constructive interference happens when the two electromagnetic waves are in phase, and 

a retardation is a whole number multiplied by the wavelength, nλ, and n=1,2, 3, so that 2x=nλ 

[37]. When the retardation of the electromagnetic wave is half of an integer, ½ nλ, n=1,3,5, it 

goes through a deconstructive interference; where 2x= ½nλ [37]. The output beam has an 

intensity dependent on the amount of constructive interference. This relationship is significant 

because it enables a function of the optical path difference and wavelength of the incident 

radiation to be formulated. There could also be no retardation, which yields a maximum intensity 

and leads the beams of light to interfere constructively. An interferogram is then created as a 

function of optical path difference/retardation and recorded at the detector [36]. 

For a monochromatic source in an interferogram, only one wavelength would be 

described with a cosine function. The Fourier transform in the interferogram would produce a 

single peak in the spectrum, which is helpful for analysis and calibration. However, in 

experiments, the infrared source of the instrument is made up of many cosine functions, and the 
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interferogram consists of the sum of all continuous distribution of wavelengths in the beam. The 

signal forming the interferogram is integrated to obtain a Fourier transform spectral amplitude. 

This mathematical approach uses the cosine function to obtain the single beam spectrum. An 

example of an interferogram for a broad IR source is presented in Figure 2.8. 

Figure 2.8: A plot showing the intensity detected at the detector as a function of retardation and known as a 

"broadband IR source interferogram." [37] 

 

 Also, since different path lengths and light beams that travel through various media are 

taken to develop alternating interference patterns at the detector, the shape of an interferogram 

usually reflects this phenomenon and becomes different. It will depend on the characteristics of 

the beamsplitter and light source used. Another example supporting this remark is presented in 

Figure 2.9 for the KBr beamsplitter and the globar IR lamp source [45]. In the right side of this 

image is shown an example of a recorded spectrum after applying the Fourier transform process. 

The characteristics sharp features observed in this spectrum are representative of the chemical 

structural arrangement of the atoms and their bonds’ lengths existing in a measured sample. As 

previously mentioned, is unique for each sample.  
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Figure 2.9: Fourier transformation interferogram to create a spectrum.[45] 

 

Finally, an image of the Bruker FTIR-IFS 66v interferometer employed in the current 

data recording is shown in Figure 2.10. This system is also located in the Optical Spectroscopy 

and Microscopy laboratory at UTEP. 

Figure 2.10: The Bruker IFS 66v Fourier Transform Infrared Interferometer (FTIR) system used in the 

study in the optical spectroscopy and microcopy lab at the University of Texas at El Paso. 

 

2.7 Experimental Recording 

 The spectra of transmitted (T) or absorbed (A) infrared radiation by the sample as a 

function of frequency are usually recorded. Two steps should be taken to obtain good quality 
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transmission or absorption spectra. The first one consists on recording the intensity 𝐼଴(𝑣), which 

is a reference/background that is taken without any sample. Since it is also the background noise 

of the detector, this recording indirectly assure the functionality of the system. To analyze a 

sample, next, the intensity transmitted  𝐼்(𝑣) through the sample will be recorded. The computer 

automatically calculates the transmittance, which is the infrared spectrum obtained, 

𝑇 = 𝐼்(𝑣)/𝐼ூ(𝑣) [37]. A ratio of the transmitted beam over the reflection-corrected incident 

beam can be obtained in three different regions of the infrared spectrum, namely the near 

infrared (NIR) in the 12500 𝑐𝑚ିଵ to 4000 𝑐𝑚ିଵ regions, mid infrared (MIR) in the 4000 𝑐𝑚ିଵ  

to 400 𝑐𝑚ିଵ regions, and the far infrared (FIR) in the 400 𝑐𝑚ିଵ  to 5 𝑐𝑚ିଵ. 

A factor affecting the spectra is how controlled the system is, meaning for how long the chamber 

is kept at the atmospheric pressure. The system shown in Figure 2.10 is a vacuum based system 

that allows high resolution data recording. Especially in the FIR region, where water absorption 

and impurities could negatively affect the background reference 𝐼଴, it is important to minimize 

such unwanted influence to improve data quality.   

 

2.8 Density Functional Theory  

The electronic structure of atoms, molecules, and solids can be calculated using density 

functional theory (DFT), a quantum-mechanical (QM) approach used in chemistry and physics. 

The Schrodinger equation for a many-body system may be reduced to a single-particle 

independent Schrodinger equation, solved numerically using density functional theory [46]. 

However, the theory is based on electron density rather than the wave function of the molecule. 

The number of degrees of freedom in the system must be reduced as much as feasible. The 

computation is accelerated when the electron density is used. The electron density is a function 
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of three variables: x, y, and z. The many-body electronic wave function is a function of 3N 

variables (the coordinates of all N atoms in the system). The precise interpretation of 

conformationally related intensity fluctuations becomes essential for spectroscopic studies of 

more extensive, physiologically important systems. Obtaining the theoretical spectra from DFT 

not only predicts the experimental spectra but can also help confirm the presence of a molecule.  
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CHAPTER 3 

OPTICAL IDENTIFICATION OF NDGA’S MORPHOLOGICAL FORMS 

 

3.1 Introductory Remarks   

A combined theoretical and experimental analysis is used to examine spectroscopically 

the NDGA biomechanistic structure-function. The results are expected to provide additional 

information for determining the relationships between potential NDGA structural forms with 

their therapeutic or toxic effects in preventing and treating various diseases. As mentioned 

earlier, the medicinal and antiviral properties of Larrea Tridentata have been studied in vivo and 

in vitro. However, the accurate distinction between morphological changes of NDGA has yet to 

be identified optically, which is the intent of this study.  

 

3.2 Materials and Methods 

NDGA (C18H22O4, >97 %) was acquired from Sigma-Aldrich (Sigma-Aldrich Co.) and 

utilized as received. The Raman measurements were conducted under ambient circumstances 

using an alpha 300RAS WITec system (WITec GmbH, Ulm, Germany) and an air objective lens 

of 20X (Olympus, Japan) with an aperture (NA) of 0.4, using an excitation of frequency-doubled 

neodymium–aluminum–garnet (Nd: YAG) laser at 532nm. The laser was maintained at a 

constant power output of a few mW. Accumulations of 20 Raman spectra were collected, each in 

500 milliseconds and resulting in total acquisition times of 10 seconds and 4 cmିଵ of spectral 

resolution [47]. 

The IR spectrum analysis in this work was conducted using a commercial rapid scan 

vacuum-based Bruker FTIR-IFS 66v (Bruker Optics Inc., Billerica, MA) system. A deuterated 
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lanthanum alanine doped triglycine sulfate (DLaTGS) detector and potassium bromide (KBr) 

beam-splitter were used to make measurements in the mid-IR region (Bruker Optics Inc.). 

NDGA samples were embedded in a polycrystalline KBr matrix, and the samples for IR 

measurements were prepared as pellets. The spectra were produced by accumulating 256 scans at 

a resolution of 4 cmିଵ. The data were recorded in vacuum and Fourier-transformed into a 

throughput spectrum [47]. 

Computational analysis was performed using Gaussian-16 analytical suite software for 

the quantum chemical density functional calculations. Before determining vibrational 

frequencies, an energy optimization was conducted. The Becke three hybrid exchange [48] and 

the LeeYang-Parr correlation functional, B3LYP [49], were employed for these analyses. The 

molecular form was also calculated using a 6-311++G (d, p) basis set. The Gaussian-16 output 

data were parsed using an in-house C++ technique and then translated to MATLAB version 

r2016a. In the Raman computed data, a previously documented approach was used to convert 

Raman activities into relative Raman intensities [50]. In the current conversion for the laser 

excitation, a value of 532 nm = 18,796.99 cmିଵ was chosen. To facilitate data visualization, all 

predicted peak intensities were standardized by appropriate factors to match those obtained in the 

experiment. For easier viewing, Lorentzian band with a full width at half maximum (FWHM) of 

7 cmିଵ were also used to expand the theoretically determined lines [47]. 

 

3.3 Optical Identification of NDGA Morphological Conformations  

As mentioned previously, NDGA contains four phenolic hydroxyl groups that function as 

proton donors or acceptors (see Figure 1.3). However, the molecule only dissociates/oxidizes in 

extremely basic conditions with an approximate 𝑝𝐾௔ value of 9.3 [18]. For investigations in 
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aqueous solutions, the compound's insolubility in water requires its previous solvation in small 

quantities of dimethyl sulfoxide (DMSO), acetonitrile, or methanol [18]. Due to these conditions, 

NDGA’s neutral unoxidized molecule form is most expected in a powder form, which is first 

analyzed here [47]. 

Figure 3.1 (A) Neutral structural depiction of nordihydroguaiaretic acid (NDGA). Red is used for oxygen 

atoms, dark gray for carbon atoms, and light gray for hydrogen atoms. (B) Furthermore, (C) is theoretically 

estimated and experimentally observed Raman vibrations of NDGA, respectively. The Raman spectra of the 

standard NDGA powder were recorded [47]. 
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Figure 3.1A depicts the NDGA's energetically optimized molecular structure with its 

unoxidized hydroxyl groups. The corresponding theoretical/simulated Raman vibrations obtained 

by DFT computation and the experimentally measured are presented in Figure 3.1B and Figure 

3.1 C, respectively. This compact representation of the results allows for easier visual 

comparison between theoretical and measured results [47]. To include all regions of interest in 

the same spectral image, a break between 1800 and 2500 cmିଵ was performed in the spectra 

shown in Figures 3.1B and 3.1C. Also, a scaling factor of 0.98 was applied to the theoretically 

obtained spectrum, to enable better agreement with the one experimentally acquired. Figure 3.1B 

shows the most dominant Raman frequency at 785 cmିଵ, which may be interpreted as a Raman 

spectroscopic fingerprint for neutral NDGA and agrees with the measured Raman frequency of 

790 cmିଵ in Figure 3.1C. 

 The measured 790 cmିଵ most noticeable frequency corresponds to the molecule’s in-

plane ρ(C=C) rocking, ν(C-O) stretching, out-of-plane ω(CHଷ) wagging, and benzene ring 

deformation. Other significant measured vibrational modes were recorded at 744 cmିଵ 

(calculated at 740 cmିଵ ), 1294 cmିଵ (calculated at 1300 cmିଵ ), and 1623 cmିଵ (calculated at 

1607 cmିଵ). All of these vibrations are primarily caused by stretching and rocking of the 

molecule's two catechol ring moieties, which occur in-plane. In addition, weak out-of-plane 

ω(CHଶ) and ω(CHଷ) wagging, and τ(CHଷ) twisting contribute in a less substantial way. The 

𝜈௦(CHଷ) and 𝜈௦(CHଶ) symmetric stretching of the aliphatic chain predominate in the higher 

frequency range between 2800 cmିଵ and 3100 cmିଵ. A comparison of the Raman spectra in 

Figures 3.1B and 3.1C shows that the theoretically computed and measured peak frequencies are 

in good agreement, with average differences of 5 ± 2 cmିଵ. Table 3.1 summarizes the observed 

and computed values of the Raman vibrational modes and their tentative assignments [47]. 
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Table 1. Tentative assignments of the theoretically calculated and experimentally recorded Raman 

vibrations of NDGA.[47] 
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For a thorough analysis of the neutral NDGA form, complementary IR vibrations were 

studied and presented in Figure 3.2A-C [47]. Figure 3.2A shows the displacement vectors 

corresponding to the theoretically most noticeable IR vibrational mode at 1168 cmିଵ 

(experimentally measured at 1190 cmିଵ). This IR vibrations is associated with the compound 

four hydroxyl groups and can be consider as the IR fingerprint of neutral NDGA.  

Figure 3.2 (A) Neutral nordihydroguaiaretic acid (NDGA) structural representation with displacement 

vectors for the strongest IR vibration at 1168 cmିଵ shown by blue arrows. (B) and (C) Neutral NDGA's infrared 

transmission spectra, as calculated theoretically and as measured experimentally. For measurements, the KBr pellet 

method was employed.[47] 
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The 1190 cmିଵ frequency corresponds to catechol’s strong ρ(O-H) rocking and in-plane 

benzene stretching. Other intense IR absorptions are observed at 1112 cmିଵ (calcd. at 1098 

cmିଵ ), 1251 cmିଵ (calcd. at 1256 cmିଵ ), 1293 cmିଵ (calcd. at 1291 cmିଵ ), 1445 cmିଵ 

(calcd. at 1441 cmିଵ ), 1525 cmିଵ (calcd. at 1525 cmିଵ ), and 1615 cmିଵ (calcd. at 1614 cmିଵ) 

[47]. Once more, the catechol rings' deformations and in-plane breathing are principally 

responsible for these vibrations, with additional contributions coming from the aliphatic chain's 

fragments such ρ(CHଷ) rocking and τ(CHଷ) twisting, as well as the aromatic out-of-plane τ(C-H) 

twisting.  

Another remark worth pointing out is the experimentally measured IR vibrations in 

Figure 3.2C having significantly stronger intensities than the ones calculated in Figure 3.2B. This 

is attributed to the sensitivity of IR measurements to water absorptions that are not considered in 

the simulated IR. The significant IR absorption in Figure 3.2C in the 3000–3500 cmିଵ area, 

which is the typical zone for water absorption, further supports the statement of sensitivity to 

water. However, as in the case of the Raman data, a good agreement between the IR predicted 

and experimentally measured data is seen in Figures 3.2B and 3.2C, with an average difference 

in vibrational frequencies of 7 ± 4 cmିଵ in the 400 – 1800 cmିଵ range and 11 ± 4 cmିଵ in the 

2500 – 3700 cmିଵ region.  In this situation, the estimated frequencies for lower wavenumbers 

(400 – 1800  cmିଵ ) and higher wavenumbers (2500 – 3700  cmିଵ ) are scaled in the 

theoretically obtained spectrum by 0.98 and 0.96 [47].  

Table 2 provides the measured and theoretically computed values of the IR vibrational 

modes and their tentative assignments [47]. 
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 Table 2. Tentative assignments of the theoretically calculated and experimentally recorded IR vibrations 

of NDGA. [47] 
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NDGA has also been known to be unstable in aqueous conditions, with an autoxidation 

process happening more frequently at an increasing pH [51][52]. NDGA has a different electro-

oxidation process than other catechols that follow a two-electron redox reaction [51].  It has been 

proposed that intermediate semi-quinone radicals are formed first, mostly of cations, due to 

compound rapid deprotonation, transitioning to either para-quinone methide (one-step electron 

transfer) or ortho-quinone (one-step two-electron transfer) forms [53][54]. This process also 

includes the possibility of additional oxidation of the ortho-quinone form by a second one-step 

two-electron transfer, resulting in a fully oxidized NDGA. Figure 3.3 depicts a simplified 

diagram of the NDGA oxidation process, with all forms identified accordingly.  

In Figures 3.4A–D, Figure 3.6A–D, and Figure 3.8A–D are shown the structural 

representations of NDGA para-quinone methide form, ortho-quinone form, and the completely 

oxidized configuration, with their Raman and FTIR theoretical calculations of vibrational 

signatures [47] As before, a for more straightforward visualization and identification of 

spectroscopic differences between these NDGA forms, the most intense vibrational modes 

observed for both Raman and IR displacement vectors are represented by blue arrows in Figures 

3.4A and 3.4B, Figures 3.6A and 3.6B, and Figures 3.8A and 3.8B. Similar to previous cases, for 

consistency between experimental and theoretical results, a 0.98 scaling factor was applied to the 

150-2000 cmିଵ spectroscopic region that is considered essential in optical identification of 

NDGA’s forms. Also, the region at higher frequencies, which is heavily dominated by the water 

absorption, is not represented in these figures. In what follows we are going to discuss first the 

para-quinone methide form of the compound that is presented in Figure 3.4A–D.  
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Figure 3.3 Diagram of the NDGA oxidation process, which includes para-quinone methide, ortho-quinone, 

and the fully oxidized form, as labeled [47]. 
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Figure 3.4 (A) and (B) The displacement vectors for the most intense Raman vibration at 1337 cmିଵ   and 

IR vibration at 1159 cmିଵ are represented by blue arrows in the para-quinone methide structural model of NDGA. 

(C) and (D) Para-quinone methide's Raman theoretical calculations and infrared vibrational spectrum.[47] 

 

 The displacement vectors for the Raman vibration at 1337 cmିଵ and the IR vibration at 

1574 cmିଵ  are represented by blue arrows in Figures 3.4A and 3.4B. They can be considered as 

fingerprint signatures for the para-quinone methide form. The Raman vibrational mode at 1337 

cmିଵ is linked to the catechol deformation caused by in-plane ν(C=C) stretching, ρ(O-H), and 

ρ(C-H) rocking, as well as aliphatic chain deformation caused by ρ(CHଶ) rocking and out-of-

plane ω(C-H) weak wagging. Strong ν(C=C) stretching, strong ρ(C-H) rocking, and weak 
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ν(C=O) stretching and ρ(O-H) rocking are associated with the 1574 cmିଵ IR vibrational mode 

[47]. 

While in Figure 3.4 A and Figure 3.4 B are imaged the most dominant Raman and IR 

vector motion/vibrations for this form with only one oxidized hydroxyl group (i.e.,  the para-

quinone methide form), in Figure 3.4 C and Figure 3.4 D are shown the overall calculated 

spectra. In figure 3.4C, in addition to the Raman signature at 778 cm-1, which was theoretically 

calculated at 785 cm-1 for the neutral NDGA form (see Figure 3.1B), the spectrum of para-

quinone methide form contains additional powerful Raman lines at 907, 1091, 1165, 1213, 1293, 

1337, 1471, 1498, 1575, and 1624 cm-1 [47]. The IR spectrum of this form, shown in Figure 

3.4D, demonstrate a similar spectroscopic activity, with a noticeable rise in the intensities of 

absorption lines at 1106, 1159, 1291, 1450, 1530, and 1574 cm-1 [47].An easier visual 

comparison between the Raman and IR spectra of neutral and para-quinone forms of NDGA can 

be depicted in Figure 3.5 A-D.  

In the case of NDGA neutral form, the Raman 785 cmିଵ and IR 1168 cmିଵ strong 

vibrations/signatures are observed in Figure 3.5A and Figure 3.5B, respectively. Although these 

vibrations appear in the corresponding Raman and IR spectra of para-quinone methide form (see 

Figure 3.5C and Figure 3.5D), they are slightly shifted by 7 cmିଵ  in the case of Raman and 9 

cmିଵ  in the IR case. However, in an experimental setting, these theoretically obtained shifts 

could be too subtle to detect. Thus, other strong vibrations in the 900 cmିଵ − 1650 cmିଵ region 

of the Raman and IR spectra of para-quinone methide can be used to distinguish between these 

forms, such as the Raman vibration at 1337 cmିଵ and the IR vibration at 1574 cmିଵ. 
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Figure 3.5 (A) and (B) represent theoretical observed Raman and IR vibrations of neutral NDGA, 

respectively. (C) and (D) represents theoretically observed Raman and IR vibrations for the para-quinone form of 

NDGA, respectively. 

 

The next possible oxidation stage of NDGA when two of the compound’s hydroxyl 

groups have been oxidized, the ortho-quinone form, is presented in Figures 3.6A-D. It has been 

proposed that the ortho-quinone form predominates at physiological pH values close to 7.4 

[55][52]. The characteristic Raman and IR spectra of the ortho-quinone form are shown in 

Figures 3.6C and 3.6D, respectively, revealing a further change in the molecular vibrations of 

NDGA [47]. The dramatic intensity increases of the 1583 cmିଵ and 1697 cmିଵ  Raman 

vibrations and the 1663 cmିଵ and 1144 cmିଵ IR vibrations are the most noticeable differences; 
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they can be considered as optical signatures for the ortho-quinone form. The blue arrows in 

Figures 3.6A and 3.6B depict the displacement vectors of the 1583 cmିଵ  Raman peak and the 

1663 cmିଵ absorption line, respectively. . These vibrational lines in the 1700 cmିଵ  frequency 

region correspond to the benzene ring's strong in-plane (C=O) and (C=C) stretching, (O-H) 

rocking, and out-of-plane (CHଶ) wagging. They provide another evidence for the NDGA's 

morphological change caused by the oxidation process [47]. 

Figure 3.6 (A) and (B) Ortho-quinone structural model of NDGA with blue displacement vectors for the 

strongest Raman vibration at 1583 cmିଵ and the strongest IR vibration at 1663cmିଵ , respectively. (C) and (D) 

Ortho-quinone NDGA form's Raman theoretical calculations and IR vibrational spectra.[47] 

 

An easier visualization of vibrational changes occurring in NDGA transformation from 

para- to ortho-quinone form can be seen in Figure 3.7, where the Raman and IR calculated 
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frequencies for these forms are presented.  The 778 cmିଵ Raman vibration of the para-quinone 

methide form (see Figure 7A) is still visible in the Raman spectrum of ortho-quinone form (see 

Figure 3.7C). However, its strength is significantly lower in the latter case. Much lower 

intensities for all Raman peaks in the 1000 – 1500 cmିଵ  frequency range are also seen in Figure 

3.7, which are equivalent to those seen in the spectrum of the neutral form (Figure 3.1B). Figure 

3.7D shows an IR decrease in the intensity of the 1144 cmିଵ absorption line feature (compared 

to 1159 cmିଵ para-quinone line) and a considerable rise in the 1663 cmିଵ feature (compared to 

the 1574 cmିଵ para quinone line). These decrease and/or increase in some of the IR vibrational 

lines, as well as the Raman 778 cmିଵ decrease, are direct evidence of a continuous 

transformation of NDGA with oxidation. It is also enabling a differentiation between the 

compound’s forms.  

Figure 3.7 (A) and (B) present simulated para-quinone NDGA’s Raman and IR spectra, respectively. (C) 

and (D) present simulated ortho-quinone NDGA’s Raman and IR spectra, respectively. 
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Fully oxidized form of NDGA is presented in Figure 3.8. Although a fast visual 

comparison of the Raman and IR spectra of ortho-quinone with those of fully oxidized NDGA 

form that are shown in Figures 3.8C and 3.8D does not reveal any noticeable spectroscopic 

changes, a closer analysis reveals that certain discrepancies do exist. For example, the often-seen 

Raman vibrational line at 780 ± 5 cmିଵ has a substantially lower strength and broadens, changes 

to a lower frequency of about 764 cmିଵ, and practically vanishes in fully oxidized NDGA. This 

behavior demonstrates that the NDGA neutral form has entirely oxidized all hydroxyl groups. 

Figure 3.8 (A) and (B) NDGA's fully oxidized structural model with blue arrows representing 

displacement vectors for the strongest Raman vibration (1581cmିଵ ) and IR vibration (1697 cmିଵ), respectively. 

(C) and (D) Fully oxidized NDGA form's Raman theoretically predicted and IR vibrational spectra.[47] 
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The emergence of the absorption line at 1235 cmିଵ in the IR spectrum (Figure 3.8D) is 

also a significant spectroscopic modification. Because this vibration is associated with 

asymmetric (C-C) stretching and (O-H) rocking of the catechol, as well as out-of-plane (CHଶ) 

wagging of the aliphatic chain, similar to the ortho-quinone's feature at 1144 cmିଵ and the para-

quinone methide's feature at 1159 cmିଵ, it could be assumed that in the fully oxidized 

configuration this line shifts to a much higher frequency. The displacement vectors for the 

Raman signature at 1581 cmିଵ,  and the IR absorption at 1697 cmିଵ, are represented with blue 

arrows in Figures 3.8A and 3.8B, respectively emphasizing the vibrational resemblance between 

the NDGA fully oxidized and ortho-quinone forms. These signatures are dominant vibrational 

lines observed for both NDGA oxidized configurations.  

 

3.4 Concluding Remarks 

We theoretically and experimentally evaluate NDGA’s structural configurations from a 

spectroscopic approach using DFT calculations, Raman spectroscopy, and FTIR spectroscopy. 

The purpose was to optically provide new insights into which NDGA morphological 

conformation offers health advantages, and which one causes harm. The identification of 

vibrational signatures of NDGA’s oxidized forms, which are assumed to be connected with the 

compound’s toxicity were successfully obtained. The neutral form has primary vibrations at 785 

cmିଵ in the Raman spectrum (see Figure 3.1B) and at 1168 cmିଵ in the IR spectrum (see Figure 

3.2B) [47]. A downshift in these vibrations 778 cmିଵ and 1159 cmିଵ identifies the para-quinone 

methide form [47]. Another observation consists of a sharp decrease in the intensities of these 

lines in the case of the ortho-quinone form (see Figures 3.6C and 3.6D), with a nearly 

disappearance for a fully oxidized form (see Figures 3.8C and 3.8D) [47]. 
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On the other hand, the Raman vibrations at 1582 cmିଵ and 1698 cmିଵ, as well as the IR 

vibration at 1680 cmିଵ, become more prominent as the oxidation process continues [47]. Having 

in mind that a fully oxidized form is more likely to accumulate and create toxic effects in vivo 

the results obtained here are of significance for further employment of the compound as a 

potential drug. Due to similarity in vibrations of the fully oxidized form with the ortho-quinone 

one, the latter might have a contribution as well to the previously mentioned toxicological 

effects. 

Only by accurately identifying and discriminating between the NDGA’s morphological 

forms can its impact as a drug be achieved. Further explorations of the compound effects on 

gliomas are presented next; specifically, the NDGA influence on malignant glioblastoma. 
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CHAPTER 4 

NORDIHYDROGUAIARETIC ACID THERAPEUTIC EFFECT ON BRAIN 

CANCER  

 

4.1 Introductory Remarks 

 Glioblastoma multiforme (GBM) makes up 60% of all adult brain tumors and is the most 

prevalent and aggressive primary malignant tumor [56]. Even though the origins of this severe 

form of intracranial brain cancer are still mostly unknown, people diagnosed with it have a 10% 

chance of living an average of five years [16]. Brain cancer is highly infiltrative and persistent, 

which makes it hard to treat. Based on the identification of the morphological form of the 

molecule, an investigation of NDGA’s therapeutic effects on GMB is desired and pursued in the 

current study.  

Lung and breast cancer, which are causes of other malignant tumors contributors to 

metastasis in the human body, have been successfully treated in vitro with NDGA, 

[19][57][58][59]. Because of the therapeutic effects of NDGA on different types of cancer, we 

examine here its biological effects on the intracranial GMB brain tumor. The in vitro bio-

structural changes of untreated and NDGA-treated GMB cells are analyzed using a combination 

of experimental Raman microscopy and computational methods. Statistical analysis has been 

used to distinguish between the concurrent changes that were detected experimentally for the 

Raman vibrational signatures of proteins, lipids, and nucleic acids. The information obtained, 

connected to NDGA's bioactivity, is extremely valuable for understanding the drug's therapeutic 

mechanisms. It is valuable to creating and testing innovative pharmacological treatments for 

brain cancer. 



 

51 

4.2 Sample Preparation   

The samples used in this research were prepared at the Mayo Clinic in Rochester, 

Minnesota by collaborators using standard fixation procedure with a 4% paraformaldehyde 

solution on plain microscope glass slides. They were measured at The University of Texas at El 

Paso. The human glioblastoma GBM cell line was selected from the Mayo Clinic's National 

patient-derived xenografts repository. Previous publications described procedures for short-term 

explant culture [60]. They are as follow: for proliferative purposes, the cells were then plated in 

culture flasks (250 mL, Falcon, Corning, NY, USA). The cells were washed with phosphate 

buffer (PBS, 4-5 mL, pH 7.0; Roche Life Science, Mannheim, Germany) after the confluence of 

the cells reached 50%, and then they were separated from the flask by incubation in a trypsin-

EDTA solution (37 ºC, 95% Oଶ/5% COଶ) for a couple of minutes. Fetal bovine serum (FBS, 

10%, Thermo Fisher Scientific Inc., Waltham, MA, USA) was added following cell detachment 

to neutralize the trypsin. 

 The flask was filled with a standard culture medium that contained high glucose 

Dulbecco's Modified Eagle's Medium (DMEM; 500 mL; Gibco, Waltham, MA, USA), FBS 

(10%; 50 mL; Gibco, Waltham, MA, USA), and penicillin-streptomycin (1%; 5 mL; Gibco, 

Waltham, MA, USA). Afterward, a 50 mL centrifuge test tube holding the mixture containing 

the isolated GBM cells was spun down at 1200 rpm for 10 minutes. The cells were resuspended 

in 1.0 mL of DMEM after removing the supernatant. Trypan blue staining was used to determine 

the cell viability and count (0.4 %). The cells were resuspended in additional DMEM (17 mL) to 

clarify the media, and 3 mL of the suspended cells were plated onto coverslips that had been 

autoclaved and coated with poly-L lysine (1:10, final concentration). The cells were then 

transferred back to the incubator (37 ºC, 5% COଶ) after cell attachment to the coverslips. The cell 
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supernatants were checked for mycoplasma contamination at regular intervals using a 

MycoAlertTM Mycoplasma Detection Kit (catalog #: LT07-118; Lonza, Rockland, MI, USA), 

and the findings were negative. When compared to historical controls, short tandem repeat 

analysis was utilized to confirm the authenticity of the cells in each experiment. 

The cell treatment with NDGA used the following procedure: first, 90 L of dimethyl 

sulfoxide solution (DMSO; Life Technologies, Carlsbad, CA, USA) was mixed with 30 mg of 

NDGA (Sigma-Aldrich, St. Louis, MO, USA). The final volume was changed to 1 mL once the 

NDGA powder had completely dissolved. This solution was further diluted in cell medium to 

concentrations of 100 µM and 250 µM NDGA for Raman experiments, and it was then utilized 

immediately to prevent any oxidation. The high-dosed GBM6 cells were incubated for 4 hours 

with a 250 µM concentration of NDGA, whereas the low-dosed GBM6 cells were treated for 24 

hours with a 100 µM concentration of NDGA. Following the incubation, the cells were five-

times washed with PBS before being fixed for 15 minutes with a 4% paraformaldehyde solution 

(Beantown Chemical, Hudson, NH, USA) on plain microscope glass slides. The cells were then 

given a five-time PBS wash, a five-time double-distilled water wash, and a room-temperature 

air-drying period. 

 

4.3 Instruments  

The alpha 300RAS WITec system (WITec GmbH, Ulm, Germany) was used to acquire 

the confocal Raman images with scan sizes of 55 µm × 55 µm. This system consists of a 

microscope connected by an optical fiber with a core diameter of 50 µm to a triple grating 

monochromator/spectrograph and a thermoelectrically cooled Marconi CCD camera. The 

excitation of a frequency-doubled neodymium-doped yttrium-aluminum-garnet (Nd: YAG) laser 
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(λ = 532 nm) and a 50X air objective lens (Nikon, Tokyo, Japan) with a numerical aperture (NA) 

of 0.75 were used in the current measurements. The average laser power was kept at a small 

output of around 3 mW to prevent sample photodegradation. Surface Raman mapping images of 

untreated and NDGA-treated GBM cells were obtained using arrays of 150 × 150 Raman 

spectra, each with an integration duration of 500 ms. The confocal microscopic data was 

collected using the WITec Control program, which also operates the piezoelectric stage for 

sample scanning. 

 

4.4 Computational Analysis 

The MATLAB® version r2016a was used to implement an in-house algorithm in the 

current statistical analysis. A general linear background subtraction was applied to the Raman 

output data from 377 cmିଵ to 3500 cmିଵ before implementing the algorithm. All the spectra 

were normalized to the intensity of the laser line, whose height was derived from a Gaussian fit 

to maintain consistency between measurements of various samples and eliminate potential slight 

variations in the laser power during the quick confocal data recording. Additional linear 

background subtractions were also performed for the integrated regions under the important 

Raman features to increase the calculations' accuracy.  

The specific frequency regions of this second background subtractions are as follows: for 

the phenylalanine vibrational line centered at 1004 cmିଵ, from 980 to 1040 cmିଵ; for the amide 

III convoluted features with centers at 1267 cmିଵ, 1338 cmିଵ  (cancer sample), and 1304 cmିଵ  

(non-cancerous sample), from 1190 to 1400 cmିଵ; for the band with a central maximum at about  

1461 cmିଵ (lipid, protein), from 1400 to 1530 cmିଵ; for the peak at 1667 cmିଵ  (amide I, -

sheet) and the broadband centered at 1605 cmିଵ (phenylalanine, decreased nicotinamide adenine 
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dinucleotide (NADH), tryptophan, mitochondria), from 1530 to 1750 cmିଵ, respectively; and for 

the peaks centered at 2854 cmିଵ  (fatty acids, aliphatic acyl chain of endogenous lipids), 2888 

cmିଵ  (lipids), and 2935 cmିଵ (proteins), from 2800 to 3040 cmିଵ, to incorporate these three 

convoluted features [16].  

About 1000 spectra corresponding to cells were chosen for each sample to calculate the 

ratios of various parameters associated with compositional content changes. Even though 

calculations were individually done for all possible combinations of these parameter ratios for 

each spectrum, only the ratios demonstrating obvious patterns of the NDGA's effects are 

provided and addressed in the current study. 

 

4.5 Raman Microscopic Investigations of NDGA Therapeutic Effects on GBM 

To accurately identify morphological changes in GBM bio-signatures upon treatment 

with NDGA, knowledge of bio-signatures from benign and malignant biospecimens should be 

first achieved. In addition to performing a literature review of Raman spectroscopy potential for 

identifying cancerous biospecimens [25], we also experimentally acquired such data. The Raman 

spectra of normal (non-cancerous) and malignant (cancerous) control cell samples obtained from 

mouse brain tissue and GBM cancer cells, respectively, are first shown in Figure 4.1. These 

spectra demonstrate how fundamental changes in biochemical cell structure accompany 

pathological cell modification. Tens of thousands of gathered spectra were averaged to produce 

these two representative Raman spectra (90,000 for the current measurements). A break between 

1800 and 2650 cmିଵ was used to allow all of the regions of interest be incorporated into these 

spectra and to enable visual identification of variations vibrational signatures between these two 

control samples. Additionally, for more straightforward visualization and comparison the spectra 
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were translated vertically. The spectra in Figure 4.1 distinctively differentiate between specific 

vibrational lines' strengths corresponding to, biocomponents in either normal and cancerous 

samples, such as nucleic acids, lipids, and proteins. They also strongly agree with similar 

published findings in the literature [61][30]. 

Figure 4.1 Integrated Raman spectra of the GBM cancer control sample (red spectrum) and the normal 

control sample (black spectrum). [16] 

 

The 2800 – 3000 cmିଵ  lipid-protein profile region is where cancerous and noncancerous 

Raman spectra are most significantly different[61][30]. The Raman peak at 2935 cmିଵ, which is 

noticeably stronger for the GBM malignant sample, indicates a more significant concentration of 

transformed protein. Amide I (β-sheet, cholesterol esters), responsible for the slight increase in  

the vibrational line intensity at 1667 cmିଵ supports this result. The slight intensity decreases of 

the Raman signal at 1461 cmିଵ is also related to a biochemical alteration in the structure of 
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proteins. Analysis and reports of these specific characteristics occurring in this spectroscopic 

region have already been published and correlated with primary indications of carcinogenesis 

[53][27]. 

On the other hand, the spectrum of the normal control sample, which has prominent 

Raman peaks at 2888 cmିଵ and 2854 cmିଵ, indicates a dominating lipid content (fatty acids, 

aliphatic acyl chain of endogenous lipids). These two Raman vibrational lines become only a 

wide shoulder in the low-frequency region of the 2935 cmିଵ  peak for the GBM sample. 

Therefore, the underlying cause of these observed structural alterations could be an abnormal 

lipid-protein metabolism, which is known to occur in a variety of cancers and have as outcome a 

post-translational modification of proteins [62][63]. 

 Although not exclusively, it has been proposed that the overexpression of proteins and 

the deregulation of signaling pathways seen in cancer metabolism are caused mainly by changes 

of the cell membrane [62][63]. The apparent variations in phospholipid, protein amide III, 

nucleic acid, and collagen composition provide additional supporting evidence. For instance, in 

the spectrum associated with the normal control sample, the sharp, intense Raman peak at 1304 

cmିଵ (lipids, phospholipids, collagen, protein amide III, and DNA) splits into two broad, less 

intense Raman features at 1267 cmିଵ (amide III, fatty acids, and P=O asymmetric stretch due to 

nucleic acids) and 1338 cmିଵ (protein, DNA/RNA, tryptophan, and mitochondria) in the 

spectrum of the malignant sample.  

The vibration at 1091 cmିଵ (cell membrane phospholipids and nucleic acids) similarly 

broadens and loses strength. Additionally, a noticeable rise in the quantity of phenylalanine with 

structural changes of the cells toward a malignant configuration is associated with an 

amplification of the peak at 1004 cmିଵ. Therefore, phenylalanine can be considered as a 
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biomarker of tumorigenesis, in addition to the ones mentioned above and already reported in the 

literature for malignant tumors, such as the observed abnormal lipid-protein metabolism, 

overexpression of amide I, and potential transformation of the α-helix structure into a β-sheet 

[61][30][57][62][63]. Table 4.1 below lists all the Raman vibrational bands detected in the 

spectra and their tentative attributions and assigned roles. 

 

Table 4.1 tentative attributions for the Raman vibrational bands and their assignments. [16] 

 

Following the primary goal of this analysis, to evaluate the role of NDGA in reducing 

malignant brain tumors, we display surface confocal Raman mapping images of an untreated 

(control) GBM sample and two NDGA-treated GBM samples in Figure 4.2 a, c, e, respectively. 

Figure 4.2 b, d, and f display the matching spectroscopic data for each image (average of 22,500 

individual spectra recorded per image). For the two individually treated samples, concentrations 

of 100 µM NDGA and 250 µM NDGA were applied for 24 and 4 hours, respectively. 
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Figure 4.2 Representative photos of surface confocal Raman mapping of; (a) untreated (control) GBM 

cells, (c) 100 μM NDGA-treated GBM sample treated for 24 h, and (e) 250 μM NDGA treated GBM sample treated 

for 4 h. Brighter yellow pseudo-colors have higher intensities. (b, d, f) Raman spectra are associated with each 

image and only in vibrational regions of interest. [16] 
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For a straightforward comparison with the Raman bio-structural signatures shown in 

Figure 4.1, the same frequency regions were considered with a break between 1800 and 2650 

cm-1 in the spectra presented in Figure 4.2b, d, and f. Additionally, background subtraction and 

normalization to the 2935 cmିଵ vibrational line's intensity were conducted. At these low NDGA 

concentration levels, which are below the threshold of Raman spectroscopy detectability, direct 

detection of NDGA is not expected to be possible. However, NDGA treatment is anticipated to 

cause structural modifications to the cell. Therefore, by detecting these modifications, we can 

investigate some of the molecular processes of the NDGA treatments, which are essential for the 

possibility of its therapeutic application. 

The ratio of protein-to-lipid content, determined by the Iଶଽଷହ/Iଶ଼଼଼ intensity ratio of the 

relevant Raman features, decreases in the integrated spectrum of the untreated sample (GBM 

control sample, Figure 4.2b) compared with this value for the NDGA-treated samples (Figure 

4.2d, f). The malignant GBM sample yields a value of 1.32 ± 0.03; the NDGA-treated GBM 

sample treated with 100 µM for 24 hours produces a value of 1.20 ± 0.03; and the NDGA-treated 

GBM sample treated with 250 µM for 4 hours yields a value of 1.26 ± 0.03. Since the Iଶଽଷହ/Iଶ଼଼଼ 

ratio is anticipated to be lower for the normal control sample at about 0.87 ± 0.03, the decrease in 

the amount of acetylated protein suggests that NDGA is beneficial.  

The existence of the lipid droplets shown by white arrows in Figure 4.2c, which 

correspond spectroscopically to the very weak feature at around 2854 cmିଵ for the sample 

treated with 100 µM NDGA, provides additional proof that NDGA influences the cell's lipid-

protein metabolism (see Figure 4.2d). On the other hand, Figure 4.2f, shows a lipid peak at 2888 

cmିଵ for a higher dose of NDGA administered over a shorter period (like bolus therapy). This 

feature is somewhat more prominent than in the Raman spectrum of the GBM sample (Figure 
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4.2b). In addition to showing less evidence of lipid droplets, a closer examination of the image 

and the Raman spectrum shown in Figures 4.2e, and f, respectively, demonstrates an increase in 

fatty acid content, which is also a sign of altered metabolism in cancer (note the slightly higher 

intensity of the 1267 cmିଵ  line) [30]. It was concluded that the Otto-Warburg effect causes this 

de novo fatty-acid production. A consequence of increased glucose catabolism is an increase in 

pyruvate as a byproduct, which is then transformed into lactate and acetyl coenzyme A (acetyl-

CoA) [30]. The latter is a recognized element in biochemical processes involving carbohydrates 

and lipid-protein metabolism. More importantly, a higher NDGA dose is toxic and causes cell 

membrane damage and apoptosis (see Figure 4.2e). 

The transformation of the α-helix structure into β-sheet and the overexpression of amide I 

are two more structural modifications [57]. The Iଵ଺଺଻/Iଵ଺଴ହ  intensity ratio of the associated 

Raman bands is considered. Values of 1.35 ± 0.03 for the normal control sample, 1.49 ± 0.03 for 

the GBM tumorigenic sample, 1.45 ± 0.03 for the NDGA-treated GBM sample treated with 100 

µM for 24 hours, and 1.47 ± 0.03 for the NDGA-treated GBM sample treated with 250 µM for 4 

hours are estimated here. These results indicate that NDGA addition does not significantly 

reverse the undesirable structural transformation linked to the tumorigenic samples.  

Analysis of the intensity of the phenylalanine vibrational line reveals a decrease from the 

untreated GBM sample to the NDGA-treated samples. Results showed that the GBM 

tumorigenic sample had a value of 38.2 ± 0.02, the NDGA-treated sample had a value of 37.5 ± 

0.02 after being exposed to 100 µM for 24 hours, the NDGA-treated GBM sample had a value of 

29.7 ± 0.03 after being exposed to 250 µM for 4 hours, and the normal control sample had a 

value of 28.5 ± 0.02. Phenylalanine, an important amino acid, is typically obtained from the diet 

and biologically converted into tyrosine. Unfortunately, ROS-damaged phenylalanine also 
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occurs in malignant tumors [64]; this fact is supported by the visible increase of the 1004 𝑐𝑚ିଵ  

vibration line for the cancerous sample in Figure 4.1. It is still not clear how exactly these amino 

acids with ROS damage enter proteins and alter their structure. They could, however, have an 

impact on the increase of the 2935 𝑐𝑚ିଵ  peak in Figure 4.1. Based on the data, NDGA, a ROS 

scavenger and antioxidant phenolic lignan, reduces and eliminates such ROS-damaged 

phenylalanine production.  

Figures 4.3 and 4.4 provide a more condensed and informal representation of the possible 

advantageous effect of NDGA in lowering some of the elements linked to cell malignancy. 

Figure 4.3 The content ratios for the protein to lipid contents (i.e., ratios of 2935 cm-1 to 2888 cm-1), and 

the protein, amide I sheet, phenylalanine, and tyrosine contents (i.e., ratios of 1667 cm-1 to 1605 cm-1) are 

statistically represented using 1-sigma ellipsoids. For each biomarker, the average of over 22,500 spectra is defined 

by the solid circle. The malignant GBM sample is represented by a red color code, blue for the NDGA-treated GBM 

sample that had been exposed to 100 µM for 24 hours, and green for the NDGA-treated GBM sample that had been 

exposed to 250 µM for 4 hours.[16] 
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 The averages of the compound content across all spectra are represented statistically by 

the solid circles in the 1-sigma ellipsoid representations. This representation also makes it 

possible to identify anticipated variations among the same type of samples. To reduce calculation 

errors caused by sample roughness and inhomogeneity, and to eliminate the influence of 

polarization-sensitive effects of certain elements, the integrated areas beneath the peaks are 

considered rather than their intensities. Figure 4.3 shows the relationship between the protein-to-

lipid content ratio, Aଶଽଷହ/Aଶ଼଼଼, and the Aଵ଺଺଻/Aଵ଺଴ହ  protein, amide I -sheet, phenylalanine, and 

tyrosine. In addition to agreeing with our earlier observation that administering NDGA positively 

impacts lowering the quantity of modified protein content, inter-sample variance is also visible. 

 The signal-to-noise (S/N) ratio rise in the spectra shown in Figure 4.2d and f, which is 

the first indication of the increase in cell fluorescence with NDGA integration, impacts the 

measurements and increases the errors in differentiating between the samples. However, based 

on the current findings, a smaller NDGA dose of 100 µM NDGA for 24 hours is recommended, 

not only because it may have reduced toxicity but also because it allows for greater sample 

differentiation (comparison between 1-sigma ellipsoid blue color plots and those of red color).  

Another point worth highlighting is the anticipated auto-oxidation of NDGA itself and its 

transition into semi-quinone or ortho-quinone forms, which have vibrational frequencies in the 

1600 𝑐𝑚ିଵ range [19][47]. Less differentiation between the samples for Aଵ଺଺଻/Aଵ଺଴ହ   is 

anticipated since a greater quantity of NDGA incorporation would result in a greater number of 

these oxidized species (comparison of 1-sigma ellipsoids along the horizontal axis). 

 Figure 4.4 shows statistical charts comparing the ratio of the amount of phenylalanine to 

the total amount of proteins and lipids (Aଵ଴଴ସ/Aଶଽଷହାଶ଼଼଼) to the ratio of changes of lipid and 

protein biostructures (Aଶ଼଼଼/Aଶଽଷହାଵସ଺ଵ).  
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With even worse toxicological effects than NDGA, lipid-lowering and anti-lipid 

peroxidation therapies have been investigated for other anticancer drugs. As a result, the 

examination of Figure 4.4 can offer detailed insights into how NDGA affects the molecular 

mechanism linking lipid metabolism to cancer and the inhibition of ROS-damaged phenylalanine 

formation.  

Figure 4.4 Using 1-sigma ellipsoids, a statistical representation of the ratios of phenylalanine to combined 

protein and lipid content (i.e., ratios of peak areas at 1004 cm1 to corresponding sums obtained by adding peak areas 

at the 2935 cm1 and 2888 cm1) and the corresponding ratios of lipid to overall protein content (i.e., ratios of peak 

areas at 2888 cm1 to corresponding sums obtained by adding peak areas at 2935 cm1 and 1461 cm1). The solid 

circle depicts the average of approximately 22,500 spectra for each biomarker. Red was utilized to indicate a 

malignant GBM sample, blue for NDGA-treated GBM samples that were given 100 µM for 24 hours, and green for 

NDGA-treated GBM samples that were given 250 µM for 4 hours. [16] 
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While the trend along the vertical axis for both NDGA concentrations shows a decrease 

in the ROS-damaged phenylalanine, the direction along the horizontal axis indicates that NDGA 

administration at a higher dosage results in less lipid development. This latter observation 

confirms our earlier finding that cells treated with 100 µM NDGA for 24 hours developed more 

lipid droplets than cells treated with a higher dosage of 250 µM for 4 hours (see Figure 4.2c). It 

is also important to consider the potential structural cell damage caused by NDGA's cytotoxicity 

at larger dosages.  

We used principal component analysis (PCA) to assess the experiments' capacity further 

in distinguishing between untreated and NDGA-treated cells. When completing the PCA, all the 

measured Raman vibrational lines and their ratios were considered variables. A benefit of using 

PCA is that it does not account for the spectra's general classification, which prevents the 

introduction of bias based on past information. To enhance the visualization of the results shown 

in Figure 4.5, the system's dimensionality was reduced.  

About 78% of the variation across all samples is included in the first two principal 

components. Additionally, a similar color-coding system was employed to maintain consistency 

with the data of earlier figures, with red designating GBM samples, blue designating NDGA-

treated GBM samples treated with 100 µM for 24 hours, and green designating NDGA-treated 

GBM samples treated with 250 µM for 4 hours. The primary finding of this graph is the 

separation of the data point clusters for the three different sample types, with some overlap 

between the untreated GBM and the NDGA-treated with 100 µM samples. For sample 

classification, Linear Discriminant Analysis (LDA) was utilized.  
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Figure 4.5 Principal component analysis (PCA) demonstrates a distinct division between the data point 

clusters of the samples. For consistency, the malignant GBM sample, the NDGA-treated GBM sample treated with 

100 M for 24 hours, and the NDGA-treated GBM sample treated with 250 M for 4 hours, respectively, all employed 

the same color codes of red, blue, and green. [16] 

 

Because a dosage of more than 100 µM NDGA has been reported as toxic, we undertook 

additional testing using machine-learning approaches to construct a completely automated 

framework that makes choices directly from the Raman spectra provided as input. We used all 

the ratios as variables of the input training for different statistical learning algorithms to better 

discriminate between cell samples. Statistical learning algorithms used were Support Vector 

Machines (SVM), k-Nearest Neighbor (kNN), Decision Tree Learning (DTL), and "Nave Bayes 

Classifiers" (NBC), using five-fold cross-validation. All of these statistical learning techniques 

led to a classification accuracy of approximately 80%. Table 4.2 below provides the confusion 

matrix for the Linear Support Vector Machine (LSVM). 
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Table 4.2 Accuracy using LSVM with 5-fold cross-validation. [16] 

 

According to the table, the algorithm correctly identified a single spectrum (true positive) 

in 68.2% of untreated GBM samples, 81.2% of samples treated with 100 µM NDGA, and 95.2% 

of samples treated with 250 µM NDGA. Additionally, it revealed a 31.8% misclassification in 

classifying the untreated GBM samples as those treated with 100 µM NDGA. In the samples 

treated with 100 µM NDGA, 2.0% are misclassified as treated with 250 µM NDGA and 16.8% 

as untreated GBM. The 250 M NDGA-treated samples are divided more clearly, and no such 

incorrect untreated categorization is made; just 4.8% are misclassified as having had 100 µM 

NDGA treatment. These findings support those depicted in Figure 4.5. They further indicate that 

accurate sample discrimination requires using many spectra, not just one. 

The simultaneous recording of multiple spectra from the same sample is one of the 

benefits of Raman microscopy, which may be seen as independent sampling from the viewpoint 

of statistics (each spectrum is recorded at a slightly different position). The probability of 

misclassification is given by the following equation 4.1, assuming that p is the true positive rate 

and (1-p) the false-negative rate, where k is the number of spectra that are not connected with a 

category (0<k<N/2) and N is the total number of independent spectra that were measured from 

the same sample. 

 

                                                                      (4.1)    
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Figure 4.6 provides these probabilities for sample misclassification following N Raman 

recordings. Two horizontal lines indicating the error probability of p = 0.05 and p = 0.01 are 

included in this image to help visualize the measurements necessary to categorize the samples 

properly. 

 Figure 4.6 The probability of classification error vs. the number of randomly selected spectra used in the 

classification. The vertical dark cyan and violet lines are used to more easily visualize the sets of measured spectra 

needed to categorize the samples with error probabilities of 0.05 and 0.01, respectively.[16] 

 

A 95% accuracy classification of the samples may be made with around 21 spectra, while 

a 99% accuracy classification requires 41 spectra. These figures are incredibly small compared to 

the 10,000 independent spectra per sample that confocal Raman microscopy can provide. In 

addition to having very high a classification accuracy, the Raman approach also offers the 

potential for future in vivo applications.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Concluding Remarks on NDGA  

As a potent ROS scavenger, NDGA has demonstrated promising relevance in treating 

several disorders, including cancer, cardiovascular, renal, pulmonary, neurological, and a wide 

range of viruses [19]. We theoretically and experimentally evaluate this molecule using DFT 

calculations, Raman spectroscopy, and FTIR spectroscopy, to optically provide new insights into 

which NDGA morphological conformation offers health advantages, and which one harms. We 

have successfully identified the vibrational signals of different NDGA structural variations 

linked to its chemical oxidation changes. The assigned signatures are as follows:  Raman 790 

cmିଵ and IR 1190 cmିଵ for neutral NDGA, Raman 1337 cmିଵ and IR 1159 cmିଵ for para-

quinone NDGA, Raman 1583 cmିଵ and IR 1663 cmିଵ for ortho-quinone NDGA, and Raman 

1581 cmିଵ IR and 1663 cmିଵ together with disappearance of the 790 cmିଵ for fully oxidized 

NDGA. In addition to the contribution of orthoquinone, the current findings suggest that the fully 

oxidized form is more likely to accumulate and produce in vivo toxicity.  

More studies must be done concerning a more complicated biological environment. The 

current spectroscopic analysis gives some necessary scientific background for understanding the 

changes in the vibrational signatures of this significant bio-medicinal, plant-derived compound. 

This is important if the future development of new drugs and their successful implementation is 

anticipated. Knowing that high concentrations of NDGA can be toxic, we examine next its 

efficacy as a bolus therapeutic method (high concentration over short periods) or a quasi-

metronomic (lower concentrations over a more extensive period). 
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5.2 Concluding Remarks of NDGA’s Therapeutic Effects on GBM   

The main objective is to show that Raman microscopy could be used to detect structural 

variations in GBM cells before and after treatment with NDGA. This information will help 

researchers better understand the compound's ability to alleviate brain tumors. In addition to the 

experimental Raman analysis, the computational strategy enables a more accurate distinction 

between benign and malignant brain tumor biospecimens , as well as minute structural alterations 

in GBM's bio-signatures after NDGA administration. Thus, to properly understand the 

significance of NDGA in GBM therapeutics, a previous analysis of the main vibrational 

signatures that help discriminate between normal and malignant samples was considered 

significant. Results derived from this study suggest that NDGA positively affects altered protein 

content and ROS-damaged phenylalanine levels. It is worth noting that phenylalanine, along with 

other well-known cancer biomarkers, may be used to classify samples and determine the 

efficiency of NDGA. We have been proven here that administering NDGA in repeated, lower 

doses over a more extended period is a more effective therapeutic strategy, much like a quasi-

metronomic therapy. 

Another significant finding concerns the abnormal lipid-protein metabolism connected to 

different cancer types and the formation of lipid droplets. Once more, it is advised to use a lower 

NDGA dosage during treatment, since very high dosages of NDGA can destroy cell membranes 

and other structural components, acting almost like chemotherapy. If used as a bolus treatment, 

the well-known harmful cytotoxicity of NDGA in large doses could have some positive 

chemotherapeutic benefits. This assumption should be assessed. It is also necessary to determine 

how well other potential NDGA chemical derivatives operate in therapeutic settings. Fast 

acquisition of random Raman spectra numbering about 100 is planned for evaluating the number 
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of occasions in which the NDGA-treated and untreated samples would be found statistically 

significantly different (at the p = 0.05 level), moving us closer to potential in vivo 

implementation of our spectroscopic method and our statistical algorithm in assessing GBM as a 

disease. 

 

5.3 Future Work 

This research provides the basis and knowledge of NDGA's advantageous and 

disadvantageous mechanisms of action necessary for developing effective brain cancer 

treatments. We predict that new therapeutic development will advance continuously and more 

effectively if our findings are compared to further in vivo investigations of NDGA's bioactivity. 

In the future, we want to do a double-blind study on such samples utilizing our algorithm, the 

Raman technique, and complementing standard bioanalysis independently to compare the 

outcomes of both strategies. 

The study accomplished here only focused on aggressive glioblastoma multiforme, such 

as GBM6. Thus, investigations of other less aggressive forms, such as GMB1 or GBM2, should 

also be studied. The study showed a reduced amount of altered lipids and proteins in GBM6; it 

would be interesting to investigate if NDGA has an increased or decrease effect in less 

aggressive forms of cancer. Other cancer cell lines should also be analyzed using the same 

approach used in this study. Due to the different biological environments, NDGA could 

potentially have a different therapeutic effect on various cancer cell lines. 

 Another point of interest lies in the number of different conformations of NDGA can 

have. Based on the ability to scavenge free radicals or ROS of the molecule, investigations 

regarding the scavenging efficiency for different conformations of the antioxidant should be 
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pursued. Some mechanisms of NDGA’s OH radical scavenging activity have been studied [51]. 

However, studies regarding the effects of different conformation in more complex biological 

environments are yet to be accomplished.  

Regarding the Creosote bush itself, around thirty genera exist, and about 250 species live 

in the Zygophyllaceae family [65]. Considering the many therapeutic effects of Larrea 

Tridentata, other plants of its family should also be considered for investigation. Botanists now 

know that the species of creosote they had thought existed in the deserts of North America are 

made-up of three genetically distinct bushes. The creosote bushes of the Mojave Desert have 78 

chromosomes, the Sonoran Desert (in southern Arizona) has 52, and the Chihuahuan Desert in 

west Texas has just 26 [7]. The capacity to survive in the Mojave Desert's dry summers may 

have increased along with the number of chromosomes. It is interesting to know if the number of 

chromosomes affects the number of oils the bush produces. Because the plant uses the oils in the 

leaves to protect itself from pests and fungus, together with the fact that  NDGA is mostly found 

in the leaves, it will be interesting to investigate if the number of chromosomes affects its 

therapeutic effects when consumed as an herbal tea.  

Overall, the Creosote bush and NDGA hold great promise for future therapeutic 

applications based on this study. NDGA is known to have a therapeutic effect on many diseases, 

and only a few are just beginning to be studied. Only the surface of the potential of NDGA is 

uncovered. 
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