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Chapter 1: Introduction 

 

1.1 Introductory Remarks 

The nervous system is divided into the peripheral nervous system (PNS) and the central 

nervous system (CNS). As every component of the body, it has its type of cells, specifically, neural 

cells. The neural cells in the nervous system are further divided into two main groups: neurons and 

glia. The glia cells, also known as neuroglia, can be found in both the PNS and CNS and are 

considered as non-excitable cells, contrary to the neurons. Our focus in this study is on specific 

type of cells that are called astrocytes, which are part of the central nervous system as well [1,2]. 

 

Figure 1.1. Types of glia/neuroglia cells. [3] 

  

In the CNS we can find two types of glia cells, the macroglia and microglia. The astrocytes 

are part of the macroglia type along with the neural/glial antigen 2 (NG2-glia), and the 

oligodendrocytes [4]. As the name suggests, the astrocytes are cells with star-like shape [1]. 
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Astrocytes are one of the most abundant cellular constituents of the CNS, since they represent 

between 20% and 50% of the total number of cells, depending on the living species [4, 5]. In the 

mammalian CNS, the percentage of astrocytes is around 40% from the total number of cells present 

in the brain [4, 6]. Besides being a major component of the CNS, astrocytes are also the most 

diverse type of cells [7]. 

 

1.2 Types of Astrocytes and Their Significance 

The astrocytes are categorized based on their functional and morphological properties, 

hence their diversity. However, there are two main subtypes, the protoplasmic and fibrous 

astrocytes, represent the largest division and is based on their morphological properties. The 

protoplasmic astrocytes that are found in the gray matter and are widely branched and short. These 

characteristics allow them to develop into a further complicated ramification and to influence 

various bioprocesses. The fibrous astrocytes found in the white matter are less ramified. Besides 

their shapes suggesting their names, fibrous astrocytes are involved mainly in fiber-like processes 

[1,8].  

Several and important functions of the astrocytes have been found by classical and modern 

studies of the nervous system anatomy. For instance, astrocytes execute primary homeostatic 

functions. These cells are an essential component of the blood–brain barrier (BBB). They perceive 

and react to outer insults-like bioprocess such as inflammation or injury, as well as take up 

metabolites to power the brain. Astrocytes and neurons have a dynamic and reciprocal interaction. 

The astrocytes collect glucose from the blood, circulating through the body, and either save it as 

glycogen or transform it to lactate to nourish active neurons. By giving trophic and metabolic 

assistance to neurons, astrocytes contribute to create a favorable condition in the brain. They 
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contribute to regulating —to mention a couple of processes— the neuronal activities and synapse 

formation and transmission. Astrocytes also have the capacity to take and metabolize 

neurotransmitters emitted through the synaptic pathway [4, 5,7,8].  

Nonetheless, neurons are not the only components that have multiple bidirectional 

interactions with astrocytes. Another example are the blood vessels. The contact between blood 

vessels and astrocytes helps regulate the blood flow in the CNS by producing and releasing 

molecular mediators, which can change the diameter of the blood vessels and, consequently, 

increase or decrease the blood flow [8]. 

Furthermore, astrocytes play a variety of crucial roles in the formation of the gray and 

white matter. One of such roles is controlling the travel of emerging axons and of some neuroblasts, 

by forming molecular frontiers. In this context, it is worth mentioning that during the formation of 

the white matter a damage of the myelin layer can be caused by the loss or malfunction of 

astrocytes’ connexins and gap junctions [8]. 

 

1.3 Contribution of Astrocytes to Brain Diseases 

As mentioned before, astrocytes have an important role in homeostasis and neuronal 

development. Therefore, astrocyte malfunction can cause several neurodegenerative diseases 

(ND). We can find Alexander’s disease as a clear example. Alexander’s disease is a genetic, but 

rare, disorder where astrocyte’s dysfunction is the main culprit. This disorder affects children and 

adults, and can lead to death.  Alzheimer’s disease, whose main targets are the elderly, is known 

to be the primary cause of dementia in this population. It is another example of neurological 

diseases where astrocytes are believed to have an important contribution and be one of the main 

causes [6]. Tumors and cancers are other examples, which are also the focus of the research 
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presented in this work. Such deceptive illnesses are caused by the uncontrollable proliferation of 

abnormal cells in one or various body areas [9].  

Cells have their own life cycle — they grow, divide, and die. When this cycle changes and 

fails, the cells can form solid and non-solid tumors. When the tumor does not spread from the body 

area it was formed, it is called a benign tumor. On the contrary, when the tumor spreads to other 

areas and keeps growing, it is called a malignant tumor or a cancerous tumor. Usually, benign 

tumors are not considered dangerous nor life-threatening. However, if the tumor is found in the 

brain it can be lethal.  Furthermore, tumors located in an area where they originally arose are called 

primary tumors. Tumors that spread to other body parts form the metastatic cancer [9].  

 

1.4 Gliomas 

Cancers and tumors are commonly named after the parts they arose. For instance, the CNS 

cancer consists of tumors and/or cancers originally created in the central nervous system. Gliomas 

are considered as one of the most common and aggressive tumors found in the CNS. As the name 

suggests, gliomas are tumors whose origin comes from the different glial cells. As previously 

mentioned, astrocytes are cells belonging to this category. As many other cells in the human body, 

there could be malignant tumors/types of cancer associated with them. Specifically for astrocytes, 

the astrocytoma and glioblastoma are most known [9,10].  

The World Health Organization (WHO) classified gliomas according to their abnormality 

and severity. There are Grade I gliomas, which are often benign tumors, with an appearance similar 

to that of normal cells and that are slow growing. An example is the pilocytic astrocytomas. The 

Grade II gliomas, also known as diffuse gliomas, are slow-growing tumors that with time can 

develop into a more aggressive type; astrocytomas belong to this category. As a next stage we have 
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the Grade III gliomas, which are tumors poorly differentiated. In this category we can find one of 

the most malignant tumors derived from astrocytes called anaplastic astrocytomas. Finally, is the 

fast-growing and fast-spreading, highly malignant Grade IV gliomas, known as glioblastomas. 

This kind of tumors are undifferentiated, since they look different from the normal cells and tissue 

originating them [9,10].    

Astrocytomas rarely spread to other body areas; they stay on the brain. However, since a 

lower-grade tumor can develop into one of these malignant gliomas, we can find secondary 

glioblastomas. In general, due to the growth of astrocytomas that reduce the space in the skull, the 

intracranial pressure increases. While the tumor does not metastasize to other body parts, it can 

cause damage in the normal brain function [10,11]. 

Anaplastic astrocytomas and glioblastomas are the most common malignant gliomas. They 

constitute 20% and 70% of the CNS tumors, respectively. Grade I glioma constitutes only 2% and 

Grade II about 8%. The first two lower grade gliomas are more common in children, while the 

Grade III and IV tumors are prevalent in adults. It has been reported an average survival rate of 

two years or less for glioblastomas and approximatively five years for anaplastic astrocytoma 

[9,10,11]. Furthermore, studies indicate that regardless of ethnicity, age, and other social factors, 

gliomas are predominantly encountered among men than women [9,10,11].  

 

1.5 Potential Treatments of Gliomas 

Nowadays, diagnosis for tumors start with methods based on reviews of patient medical 

history that looks for potential risk factors. It also includes a physical examination and more 

advanced, specific methods like Magnetic Resonance Imaging (MRI) and Computerized 

Tomography (CT) to help obtain the tumor’s location and dimension, and Positron Emission 
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Tomography (PET) to look and analyze the affected area. Performing biopsies help with in vitro 

examining the tumor, by looking in detail for cancerous cells in the tissue removed from the body. 

Laboratory tests to look for alterations in some substance levels are other types of diagnosis 

methods for cancer and tumors. However, there is no current treatment given to patients with 

astrocytomas that can eliminate it completely. Surgery to remove a tumor, followed by 

radiotherapy to destroy cancer cells and/or chemotherapy to restrain cancer cells growing are 

usually the targeted therapy for these deadly brain diseases. In the case of lower grade gliomas, 

surgery is the only method to treat the tumor. For a high-grade astrocytoma, the common 

treatments are surgical resection, chemotherapy, or radiotherapy. It can also be a combination of 

them, since either chemo or radiotherapy follows usually a surgical resection [9].  

Is important to emphasize that even with the existence of these different treatments, the 

outcome in patients with highly malignant brain tumors remains a devastating one. As we 

mentioned previously, the average survival rate for patients with anaplastic astrocytoma is around 

2 to 5 years, while for glioblastomas is approximately 15 months. Extensive surgical resection of 

other organ’s tumors such as breast and lung cancer, prolongs the survival rate of patients with this 

type of disease. However, a surgical approach of this nature is difficult in malignant astrocytomas 

because they spread and invade essential areas of the brain. Therefore, it remains unknown if an 

extensive surgical resection can prolong survival rate in astrocytoma patients [12].  

Concerning general surgical resection, there are also other factors that can be associated 

with survival prolongation in pre-operative patients. These factors are age and functional status. It 

has been observed that the older the patient, the less chance of survival. This is because age 

increases the patient difficulty to resist neurological insults from the tumor itself and the surgery. 

The second factor leads to a similar observation; the poorer a patient’s functional status is the more 
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decrease in its survival time. Since malignant gliomas are predominant in adults, we can assume 

that these factors may be the causes of these badly outcomes for these patients [12]. 

 

1.6 Alternative Approaches for Glioma Detection 

The poor prognosis and patient survival rate in malignant astrocytomas have led scientists 

to search for better diagnosis and treatment alternatives. Even though neurosurgical approaches 

and resections are commonly used as main sources in determining the prognosis and the treatment, 

the difficulty to discriminate between the tumor and normal cells combined with the fact that the 

normal tissue must be preserved create additional differences and an increased variability. 

Furthermore, it is likely that remnant invasive tumor cells cannot be removed during the brain 

surgery completely. The infiltrative nature of astrocytoma makes it difficult for neurosurgeons to 

find the resection border, which is hardly distinguishable. The development of different 

techniques, such as intraoperative magnetic resonance imaging (MRI) to perform a safe and 

accurate tumor resection has been beneficial, but not sufficient. Therefore, it is a continuous need 

in modern medicine to develop new, fast, and precise methods that can help in discriminating 

tumors from healthy cells [13,14,15,16]. 

In recent years, Raman spectroscopy techniques have been employed as a useful tool to 

study brain cancer and healthy cells. This is in response to the need of an alternative, preoperative 

and/or intraoperative method that enables a full identification of tumor cell types. It has been 

established that Raman spectroscopy as an intraoperative technique has a sensitivity of 93% with 

a specificity of 91%. These specifications are good indicators for scientist prior to further develop 

and perfect this alternative approach for brain tumor analysis. It emphasizes that Raman-based 

techniques can be used to complement and/or replace common pathology laboratories techniques. 
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For instance, Raman scattering microscopy could be a good alternative for histopathology in 

biomedical imaging. However, due to some of the limitations that Raman spectroscopy and 

microscopy still have, it is necessary to conduct further and broader research, in-vitro and in-vivo, 

to overcome additional limitations for its clinical practicality [13]. 

Researchers have performed several experiments to test the functionality and benefit of 

different Raman spectroscopy techniques. An example is the research reported in 2007 by Banerjee 

and Zhang, who combined the use of optical tweezers and Raman spectroscopy to analyze brain 

cancer cells (astrocytoma) and normal astrocytes [16]. They found that the spectra of both type of 

cells although similar have a subtle difference regarding their intensities. A higher intensity in the 

spectra of cancer cells was an indication that there is a structural change in these cells that alter 

their functions was taking place. The results in this paper lead to the conclusion that Raman can 

be used for cancer diagnosis [16]. In 2014, Tanahashi, K. et. al. applied confocal Raman 

microscopy and statistical analysis in glioma cells and normal astrocytes. Similar to the Banerjee 

and Zhang results, they found that the signal for glioma cells were higher compared to that from 

the normal astrocytes. The discovers in this research proved once again that Raman spectroscopy 

is advantageous over the conventional diagnosis methods [15].  

In a more recent research, Kowalska, A. A., et. al. (2020) proposed the combination 

between surface-enhanced Raman spectroscopy (SERS) and principal component analysis (PCA) 

as a practical alternative to conventional methods, due to a higher sensitivity and specificity. 

Several samples from the different lobes of the brain — anaplastic astrocytoma and glioblastoma— 

were collected for measurements. Several control samples were also considered for a better 

statistical precision. The SERS results reported in this article show that there are shifts in some of 

the bands belonging to certain components in the tumor tissues, such as nucleic acids or some 
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amino acids.  For normal cells, it was found that the results/spectra exhibit a slight difference 

according to their locations. For instance, they observed that some band intensities are higher for 

the temporal cells located in the right brain hemisphere than those from the left brain hemisphere. 

They concluded that the observed changes in the spectra are due to the influence of the tumor in 

the normal brain cells. However, even though an analysis using only SERS spectra and images 

was possible, they stated that it will not be sufficient to make a diagnosis or provide an accurate 

differentiation between normal and tumor cells. To accomplish this, a combination of SERS with 

PCA is crucial [13]. 

 Finding non-invasive methods for cancer treatments and diagnosis is still a challenge that 

scientists have. Extensive research is currently being done to contribute to the modern medicine 

advances regarding cancer. Not only does the previously mentioned examples support these 

statements, but also the purpose and direction of the current research project. Similar to, and 

advancing what have been done in research, our main focus is to employ the confocal Raman 

microscopy technique to analyze normal astrocyte and glioblastoma cells. 

 

1.7 Alternative Approaches of Glioma Treatment 

 Majority of non-clinical studies were investigating the response of brain cancer to currently 

FDA approved drugs. Discovery and validation of new potential drugs is a continuous effort in the 

research community. To this end, the current work is intended to seek the potential of new chemical 

extract to prevent and alleviate brain cancer. 

Larrea tridentata, also known as creosote bush, is a plant found in the deserts of the 

southwest of the United States and Mexico. The nordihydroguaiaretic acid (NDGA) is a phenolic 

lignan or plant metabolite, that is commonly extracted from the creosote bush. This plant has been 
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widely used in traditional medicine, mainly as an infusion from its leaves, to treat several diseases 

including cancer. It has been proved that NDGA is the main component that brings the beneficial 

results for different disorders, due its anti-inflammatory, antioxidant, and therapeutic effects 

[17,18]. Just as it has advantages, some studies have found that a constant intake of this infusion 

without any precaution can cause severe side effects [17,18]. For instance, kidney and liver damage 

had been reported. Being certain about the therapeutic effects of this lignan, which should not be 

ignored, scientists are still working in finding NDGA and its analogs potential for more target-

selective drug administration, with a lower risk of toxicity. There is still more work and research 

to be done regarding this component, so it can be further understood concerning its safe 

pharmacological profile and in vivo applications [17]. 

In our previous study, we found that NDGA has therapeutic effects for glioblastoma 

multiforme. In this project, we analyzed normal astrocytes under the effects of NDGA. The 

purpose is to find evidence of this acid’s influence on normal cells/tissue. The finding in the current 

work can lead to a possible non-invasive treatment for brain cancer. Thus, in the following 

chapters, we are going to describe the experimental methodology and the associated theory behind 

vibrational spectroscopy, which is the main technique employed. This will be followed by results 

and concluding remarks. Possible future steps that can be done as a continuation to the project will 

also be discussed.  
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Chapter 2: Experimental Methodology 

 

In vibrational spectroscopy, the main techniques for the detection of vibrations in 

molecules rely on the phenomena of infrared absorption and Raman scattering. These techniques 

provide solutions to demanding analytical problems. They are primarily used to obtain structural 

information and/or configuration chemically and physically. Recognizing substances from the 

vibrational structure/patterns or «fingerprint» and establishing the quantity of a substance in a 

sample have applications spanning numerous research fields. Several physical forms of samples 

that can be examined, such as solid, liquid, and gaseous states. Sample degradation and 

fluorescence were problems that prevented Raman scattering from being a more commonly used 

technique compared to infrared absorption. However, new advances in technology and 

instrumentation improved the performance of currently employed equipment in physio-chemical 

analyses and reduced such issues. These technological improvements in sensitivity and reliability, 

in conjunction with the capacity of Raman spectroscopy to examine aqueous solutions or samples 

without much need for previous preparation (just placed in glass containers), contributed to a quick 

expansion in the applications of Raman spectroscopy [19].  

In this chapter, we focus on Raman spectroscopy since it is the technique used in this 

project. Larkin defined Raman spectroscopy as a two-photon inelastic light scattering event [20]. 

In the following sections of this chapter, we will go more in-depth about this technique and briefly 

discuss its history, the basic theory behind Raman spectroscopy, the equipment used, and the 

experimental setup. 
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2.1 Raman Spectroscopy Brief History 

The origin of Raman spectroscopy dates back to the 1920s when the Austrian theoretical 

physicist, Adolf Smekal, postulated the phenomenon of inelastic scattering of light in 1923. 

However, it was until 1928 that the phenomenon was observed experimentally by the Indian 

physicists, Sir C. V. Raman, and K. S. Krishnan. In recognition of his discovery, Raman was 

awarded the Nobel Prize in 1930 [19,21].  

Ferraro, Nakamoto, and Brown (2003) mentioned that Sir Raman used in his work sunlight 

as the source, a telescope as the collector, and his eyes as the detector [22]. The molecules were 

excited with filtered sunlight, and the spectrum was recorded on photographic plates. Capturing 

the spectrum of a breaker containing about 600 ml of pure liquid took about 24 hours. Thus, at that 

time, Raman spectroscopy was used exclusively in specialized research labs, in addition to the 

method being regarded as an oddity [23]. However, we can say the discovery of this phenomenon 

was impressive.  

The difference between the use of infrared absorption and Raman scattering was notorious. 

The complexity in the instrumentation of Raman spectroscopy, the measurement processes, and 

the alignment were the reasons why this technique remained limited to specialized laboratories. 

Thus, infrared spectroscopy remained relevant and considered user-friendly until continuous 

improvements in Raman spectroscopy start gaining scientific and technological ground. It was in 

the 1960s when research employing Raman spectroscopy made great progress because of the 

introduction of new lasers. However, there was still room for more improvements. Additional 

progress was made in the 1980s with the advent of new instrumentation, such as the charged-

coupled device sensors (CCD), holographic filters, Raman microscopy, and Fourier-transform 

Raman spectroscopy. Nowadays, these techniques are used not only in specialized laboratories, 
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but also in research places in academia and industries. These continuous improvements made the 

technique reliable, accessible, and appreciated in the research field [23]. 

 

2.2 Raman Spectroscopy Theoretical Background  

Light is categorized as electromagnetic radiation, which is a combination of alternating 

electric and magnetic fields. The motion of these fields is described as a continuous sinusoidal 

wave, where the electric component is perpendicular to the magnetic component, and they are 

propagated in the same direction (Figure 2.1 shows this description) [20]. 

 

 

Figure 2.1. Electromagnetic wave. [24] 

 

 In studying Raman spectroscopy, the magnetic field can be neglected. Thus, we will 

consider the electric field at a time t given by the following expression: 

E=E0cos(2πνt)       (2.1) 

where ν is the frequency. The important parameters that describe radiation are frequency (ν), 

wavelength (λ), and wavenumber (ν̃). In spectroscopy, we are interested in the radiation’s 
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interaction with the molecule’s states, which is described often in terms of energy. The parameters 

mentioned before are related to energy by the following relations: [19,20,22] 

𝜈 =
𝛥𝐸𝑛

ℎ
      (2.2) 

λ=
c

ν
       (2.3) 

ν̃ =
𝜈

c
       (2.4) 

In Raman spectroscopy, light-matter interaction is given in an off-resonance way, where 

the light causes polarization in the molecule. In other words, when the interaction between the 

light and molecule occurs, the light distorts the cloud of electrons that are around the nuclei and 

forms a temporary, unstable state called «virtual state» [19,20].  

In vibrational spectroscopy, the energy changes that are detected are those necessary to 

trigger nuclear motion. We know that electrons are relatively light. Therefore, photons are going 

to be scattered with very small changes in the frequency if the only event involved in the scattering 

process is the electron cloud distortion. This process is the dominant one and is an elastic 

scattering. When we speak about molecules this scattering is commonly referred to as «Rayleigh 

scattering». Now, if in the scattering process a nuclear motion is produced, energy is going to be 

transferred.  This energy transfer can happen in the following two cases: the incident photon can 

pass the energy to the molecule, or the molecule can pass the energy to the scattered photon. Here, 

the energies of the scattered and incident photons are different by a vibrational unit. This process 

is an inelastic scattering and is known as «Raman scattering».  In this process, only one photon is 

Raman scattered in every 106 — 108 photons that scatter. Therefore, is considered a weak —but 

not an insensitive— process [19]. 

At ambient temperature, many of the molecules are found in the vibrational level with the 

lowest energy. We mentioned before that the virtual state is created when light causes polarization 
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in the molecule and the frequency of the light source is the frequency that determines the energy 

of this state. Since most of the photons are Rayleigh scattered, this process will be the most intense. 

In this basic process, the light comes back to the same energy state; this occurs because the energy 

remains the same, that is, there is not any change in the energy [19]. In the Raman scattering 

process, two cases usually occur. In one case, the molecule transitions from the ground vibrational 

state to the first excited state. This is called the Stokes Raman scattering. However, since the 

excited vibrational states could be already occupied —at higher temperatures— the transition 

could be from the first excited state to the ground state. This is the anti-Stokes Raman scattering 

[21]. These basic processes that occur for one vibration are shown in Figure 2.2: 

 

Figure 2.2. Rayleigh and Raman scattering processes. The ground vibrational state is represented by m and the 

excited vibrational state is represented by n. [19] 

 

The upward arrows represent the energetic transition from the ground state to the exited 

state and the downward arrows represent the scattered energy, which can be lower (Stokes Raman 

scattering) or higher (anti-Stokes Raman scattering). These energies are larger than the energy of 

a vibration. It is also important to mention that in the Stokes process there is energy absorption by 

the molecule, and in the anti-Stokes process, energy is transferred to the scattered photon. 
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Furthermore, the relative intensities of these processes depend on the fraction of molecules in each 

vibrational state [19]. We can calculate this fraction with the Boltzmann distribution equation:  

𝑁1

𝑁0
= 𝑒−

∆𝜀

𝑘𝑇      (2.5)  

where N1 is the number of molecules in the first excited state, N0 is the number of molecules in the 

ground state, Δ𝜀 is the difference of the ground state and first excited state energies, k is the 

Boltzmann’s constant, and T is the temperature of the sample [21]. 

At ambient temperature, the number of molecules in an excited vibrational state, 

excluding those of significantly low energy, will be small. As a result, the Stokes scattering will 

be stronger in comparison to the anti-Stokes scattering. As the vibration frequency rises, due to a 

reduction in the population or fraction of excited vibrational states, the anti-Stokes scattering will 

get even weaker. On the other hand, when the temperature rises, the anti-Stokes scattering will 

become more prominent than the Stokes scattering [19]. 

While experiments are mostly performed in the Stokes energetic region, anti-Stokes 

scattering is often favored to prevent fluorescence. Since fluorescence interference occurs at a 

lower energy than that of the excitation frequency, Raman scattering is commonly set down just 

on this low energy side [19]. However, Stokes scattering is preferred due to a higher yield. 

Furthermore, the temperature of a sample can also be measured by comparing the anti-Stokes and 

Stokes intensities of the Raman spectra [21].  

 

2.2.1 Classical Approach 

As part of the theoretical background, we mentioned light as electromagnetic radiation. 

However, the magnetic field is commonly neglected at analyzing Raman spectroscopy. Let us 
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recall equation (2.1), which is the expression for the electric field. In the classical aspect of the 

Raman theoretical background, we are going to start by analyzing a diatomic molecule.  

 An electrical dipole moment is induced when the molecule is affected by a beam of light, 

namely when interacts with the electrical field. The expression for this dipole moment is given by: 

𝑃 = 𝛼𝐸      (2.6) 

where E is expressed by equation (2.1) and α is the molecule polarizability, which is a tensor that 

depends on the normal coordinate of the molecule. Therefore, we can express the polarizability in 

a Taylor series expression as follows:  

𝛼 = 𝛼0 + ∑ (
𝜕𝛼

𝜕𝑄𝑖
)𝑖

0
𝑄𝑖 +  

1

2
∑ (

𝜕2𝛼

𝜕𝑄𝑖𝜕𝑄𝑗
)𝑖,𝑗

0

𝑄𝑖𝑄𝑗 + ⋯    (2.7) 

where Q is the normal coordinate in the ith and jth normal vibration.  

Let us consider the normal vibrations as being completely independent. Into a first 

approximation, only the first two terms in equation (2.7) become important. Therefore, the 

expression for a kth normal vibration can be simplified as:  

𝛼𝑘 =  𝛼0 + 𝛼𝑘
′ 𝑄𝑘     (2.8)  

with the apostrophe representing the derivative.  

 Thus, in a first approximation, we can say that the oscillations of the normal coordinates 

behave as in the case of a harmonic oscillator. The expression for the normal coordinate is: 

𝑄𝑘 = 𝑄𝑘0 𝑐𝑜𝑠(2𝜋𝜈𝑘𝑡)     (2.9) 

where Qk0 is the amplitude of the normal coordinate. Now, substituting equation (2.9) in the 

equation (2.8) we have: 

𝛼𝑘 =  𝛼0 + 𝛼𝑘
′ 𝑄𝑘0𝑐𝑜𝑠(2𝜋𝜈𝑘𝑡)                (2.10) 
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 In addition to the normal coordinates oscillating as a harmonic oscillator, we are going to 

assume that the polarizability tensor also behaves as a harmonic oscillator, with 𝜈𝑘 being the 

frequency of the oscillation. 

 We can substitute the equation (2.10) and (2.1) in the expression (2.6), considering that 

𝛼 ≡ αk. Thus, we have: 

𝑃 = 𝛼0𝐸0𝑐𝑜𝑠(2𝜋𝜈𝑡) +  𝛼𝑘
′ 𝐸0𝑄𝑘0𝑐𝑜𝑠(2𝜋𝜈𝑡)𝑐𝑜𝑠(2𝜋𝜈𝑘𝑡)  (2.11) 

Using the trigonometrical property of cosAcosB, we obtain: 

𝑃 = 𝛼0𝐸0𝑐𝑜𝑠(2𝜋𝜈𝑡) +
1

2
𝛼𝑘

′ 𝐸0𝑄𝑘0 𝑐𝑜𝑠[2𝜋(𝜈 + 𝜈𝑘)𝑡]    (2.12) 

+ 
1

2
𝛼𝑘

′ 𝐸0𝑄𝑘0 𝑐𝑜𝑠[2𝜋(𝜈 − 𝜈𝑘)𝑡]         

 Analyzing this latter equation, we can conclude that the electrical dipole moment is 

dependent on the vibrational frequencies of both the incident beam and the molecule. Therefore, 

we can rewrite this expression as a function of frequency as follows [23]:  

𝑃 = 𝑃(𝜈) + 𝑃(𝜈 + 𝜈0) +  𝑃(𝜈 − 𝜈0)    (2.13) 

where the first term represents the elastic scattering of the light, also known as the Rayleigh 

scattering. This implies that the frequency in this term of the dipole moment is the same as the 

radiation frequency [23]. Consequently, the energies of both, the first term of the dipole moment 

and the electromagnetic radiation will also be the same. The second and third terms in equation 

(2.13) are corresponding to inelastic scattering [23]. They are the ones correlated with the Raman 

scattering. The dipole moment in the second term is dependent on the sum of frequencies. This 

means that the resultant frequency is going to be larger than the frequency of the incident radiation. 

A similar result is expected for energies. This type of Raman scattering is associate with the anti-

Stokes scattering mentioned previously. Since the third term is dependent on the subtraction of 
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frequencies, it leads us to the conclusion that the energy would be lower than the energy of the 

incident beam. This corresponds to the Stokes scattering [23].  

The Raman spectrum of mineral realgar (As4S4) is presented in Figure 2.3 below as an 

example, with all of the three types of scattering clearly labeled. 

 

Figure 2.3. Raman spectra for As4S4. [23] 

 

2.3 Confocal Raman Microscopy 

It is widely believed that Dutch eyeglass manufacturer Hans Janssen and his son Zacharias 

were the first to combine numerous lenses to create an optical microscope around the end of the 

16th century. The magnifying properties of water filled glass spheres were known over 2000 years 

ago, when the philosopher Seneca described them. However, even though many experts and 

researchers knew about the use of convex lenses, it took more than a thousand years to make 

improvements and be able to construct an optical microscope by combining multiple lenses. Ernst 
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Abbe, a professor of physics in Jena, Germany, established his optical image creation theory in 

1873, which laid the groundwork for understanding the physics behind the optical microscope. 

These improvements in the optical microscopy enables others, such as the diffraction-limited 

optical microscopy that appeared through the years. The developments in this technique were 

widely notorious in the 20th century, with the appearance of new imaging techniques. However, 

the most important was and still is the confocal microscopy, which was set as a standard technique 

at the end of the 1980’s decade [25]. 

 

Figure 2.4. The main setup for a confocal microscope. [25] 

 

In confocal microscopy, a tiny aperture found in front of the detector captures the image of 

a source of light, specifically a point-like type of source —like a laser— that is directed onto the 

sample. The illuminating area is confocal with the aperture since it is placed in the microscope's 

image plane. The confocal microscope is widely complex compared to the traditional optical 

microscope. It can generate an image of a sample only by scanning the sample — by exciting point 
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by point and line by line a selected area. However, the complexity of the confocal microscope is 

of no concern compared to its great advantage — the recorded picture is unaffected by the 

dispersed light from above or below the focus point. This is because the light observed is limited 

to a narrow region surrounding the focus point. Another important advantage in confocal 

microscopy is the depth resolution and the significantly improved picture contrast thanks to the 

elimination of deviated light [25]. 

 The technique’s advantages have been further developed to confocal Raman microscopy, 

which combines development through the years in both, the microscopy and the Raman technique. 

These improvements were usually done to satisfy the needs and demands of modern research. 

Every time disadvantages were found the experts tried to solve them; therefore, better equipment 

was introduced. For example, historically, the combination between a Raman spectrometer and an 

optical microscope was done around the 1990’s decade. This combination resulted in introduction 

of micro-Raman spectroscopy. With this technique, measurements of small parts of samples (of a 

few square micrometers) were successfully obtained. In this context is worth mentioning that a 

highly intense laser focused on a small area can burn a sample. To avoid this unwanted 

consequence, scientists were recommended to be thoroughly careful during such measurements 

[25]. 

 One of the disadvantages of the Raman spectroscopy is the interference of fluorescence, 

which can be a dominant effect. The Raman scattering is normally weak; therefore, the 

fluorescence efficiency tends to be much higher than the Raman interaction efficiency, causing 

most of the times only fluorescence to be detected instead of the Raman signal. Reduction of the 

fluorescence interference is critical. There are two ways to achieve this. Using a light beam whose 

wavelength has a value where fluorescence cannot be encountered or limiting the detection 
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volume. The first option is not always possible. Therefore, the only way is by volume reduction. 

This can be achieved by employing a confocal detection setup. Since the arrangement restricts the 

detection of the fluorescence signal, Raman images may be produced in instances where 

fluorescence was dominating in measurements using different techniques [25]. In the Confocal 

Raman Microscopy book is also mentioned that the confocal detection principle restricts not only 

the detected light to the focal plane, but it also enables the study of transparent samples in three 

dimensions. In addition, it allows the performance of an optical cross section without having to 

divide the sample in halves. Only a confocal arrangement allows for differentiating between the 

signal from the sample from the one corresponding to the background produced by the substrate. 

This effect becomes important when the sample is a thin layer placed on top of a supporting 

surface, since there are cases where the Raman signal from the sample is smaller than the one 

produced by the surface. These smaller signals are hardly visible and thus, more difficult to analyze 

in a non-confocal technique [25]. 

 We can conclude that even if the non-confocal techniques have their own advantages, the 

confocal Raman microscopy technique brings much better benefits. In highlighting some of them 

— better analysis in smaller Raman signals compared to that of the surface the sample is placed 

in, reduction of fluorescence encountered in some samples, focus in microscopic areas enabling 

the measurements of microscopic samples. In general, the confocal Raman microscopy technique 

has shown to be the most flexible method for achieving the highest spatial resolution and noise 

suppression [25]. 

 



23 

2.4 Experimental Set-Up 

Commonly, the structure of a Raman spectrometer  has four main components as the base 

setup. These components are: an excitation source, a light collector system, a monochromator, and 

a detector. When the Raman spectrometer was first introduced, the excitation source used to be a 

mercury lamp. Nowadays this light source is a laser. Similar to the light source, the human eye 

was used as the detector, until technologically was replaced by photomultiplier tubes (PTM) and 

charged-coupled device (CCD) sensors [26]. 

 These Raman equipment components by working together provide us with the structural 

information (fingerprint) of  the samples. However, other components are needed to be able to 

measure small spots in a microscopic sample. These new components along with those of the 

Raman spectrometer form a confocal Raman microscope. Figure 2.5 shows schematically the 

components of such microscope [26].  

 

Figure 2.5. Confocal Raman microscope schematic. [26] 
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Zhu, X. et al. mention in an article that in order to prevent any out-of-focus light that comes 

from beyond the sampling volume, the laser light should be directed on the sample using an 

objective lens of a microscope. In this case, the backscattered Raman signal will be refocused by 

a pinhole aperture. A CCD camera disperses the filtered Raman signals sent to the spectrometer, 

thus, creating spectra [26]. This gives us a brief picture of the components in the confocal Raman 

microscope and how they work together. A structure of the equipment employed in the current 

measurements is described in more depth below.  

The components in the different equipment can vary. The instrumentation in the Optical 

Spectroscopy and Microscopy laboratory at The University of Texas at El Paso is an alpha 300 

RAS WITec system. The letters RAS imply that the system is modular; they correspond to each 

technique available employing this equipment. The letter “R” corresponds to the confocal Raman 

microscopy, the letter “A” to the atomic force microscopy (AFM), and the letter “S” to the 

scanning near-field optical microscopy (SNOM) [27]. Only the confocal Raman was used to 

acquire the data. Thus, this part of the system is presented throughout in what follows.  

The WITec system couples a high-efficiency Raman spectrometer to a confocal microscope 

of high resolution. Not only can a Raman signal of materials be obtained with this pairing, but it 

can also be combined with a lateral resolution in the sub-micrometer range. A detailed information 

of the chemical structure of the materials analyzed can be obtained from the recorded spectra. In 

addition, microscopically, a resolution down to 220 nm may be achieved using the green light laser 

source [28]. The current system consists of an upper microscope and uses an Nd:YAG laser at 532 

nm as the light source excitation.  

Figure 2.6 shows the upper microscope schematic and its standard components of the alpha 

300 equipment [27]. In this schematic, we find components in a dark color and a light color. A 
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color-coding is done to distinguish between the common parts used also in AFM or SNOM 

techniques besides the parts that are specific to the confocal Raman [27]. Thus, in the following 

list that is adapted from the user manual [27], the names of the components corresponding 

specifically to the confocal Raman techniques are in dark letters. The purpose of each component 

is also presented below. 

 

U1 — XY positioner U9   — Pushrod 

U2 — Scan stage U10 — Filter slider unit 

U3 — Objective turret with objectives U11 — Laser coupling unit optical input 

U4 — Dichroic mirror U12 — Microscope body with Köhler 

illumination 

U5 — Beam deflection unit U13 — Light source 

U6 — Binocular tube with ocular camera U14 — Microscope Z stage with stepper 

motor 
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U7 — Filter holder for reflection mode 

measurements 

U15 — Near-field reflection mode detection 

unit 

U8 — Fiber coupling unit optical output U16 — Heating stage 

 

Figure 2.6. The upper microscope schematic. [27] 

 

 The XY positioner allows us to align the sample in the X and Y directions with smooth 

and linear movement. The positioner is found under the scan stage, which is a piezoelectric driven 

3-axis flexure stage. This stage is used to scan the sample for all operation modes.  The system is 

equipped with three objectives: of 20x, 50x, and 100x magnification. Each of the objectives 

collects light that is sent to the ocular camera or the detector with the help of a sliding prism 

controlled by a pushrode; the ocular camera moves through one of the binocular tubes and the 

binocular tubes give a vertical image. The ocular camera is used instead of ocular eyepieces due 

to safety reasons regarding the laser intensity. The fiber coupling unit optical output allows us 

to optimize the optical performance. In Raman experiments, suppressing the Rayleigh scattering 

signal is desirable. To achieve this, a filter slider unit is used along with a filter. To focus the 

sample, a highly bright white light LED (the light source component) along with a diffuser is first 

used. For such task, a Microscope Z stage with stepper motor is used to move the microscope 

in the Z axis [27]. 

All of these features of the confocal Raman microscope give us a wide variety of operation 

modes, such as: [28] 

• Collection of Raman spectra at selected sample areas, also known as single spectra. 

• Collection of time series of single spectra. 
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• Raman spectral imaging. 

• Collection of Raman spectra along a selected line, also known as line spectrum. 

As concluding remarks, this chapter gives us a better understanding of the Raman 

spectroscopy and confocal Raman functionality and fundamentals. We saw how the techniques 

have been improved through the years until we have the instrumentation and technology of 

nowadays. However, it is important to note that even if old techniques are still used because of 

their own advantages, the newly developed techniques bring more and widely notorious benefits 

to our experimental performance. The understanding of these advantages, the theory behind the 

development of an equipment and of its functionality is critical in allowing us to choose what is 

better for our study purposes and for the project directions. 
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Chapter 3: Results and Discussion 

 

Glioblastoma (GBM) is the most malignant brain tumor, with an average survival rate for 

patients of 15 months. Current treatment methods are highly invasive and even though physicians 

and scientists do their best to have a better outcome for patients, the prognosis and survival rate 

remain bad. Nowadays, finding better alternatives for cancer treatment is one of the main focuses 

for scientists working in the biological and health area [12].  

Our previous research consisted in analyzing glioblastoma (GBM) cells under the effects 

of nordihydroguaiaretic acid (NDGA) chemical extract from Larrea Tridentata, with the 

hypothesis that this could lead to a potential brain cancer treatment. This plant, which has been 

widely used in traditional medicine, is known to have therapeutic effects for several diseases such 

as urinary tract infections, kidney stones, diabetes, and cancer [17,18]. For our research, we used 

confocal Raman microscopy to analyze the samples. We found promising results that will be 

further discussed in this chapter.  

Having the results for glioblastoma multiforme and knowing that current cancer treatments 

are invasive, a new question is: “What effects has NDGA on normal cells?” Thus, to seek answers, 

we performed experiments on normal astrocytes under the effects of NDGA. In the following 

sections, we will discuss our Raman results for normal astrocytes under the effects of NDGA. 

However, for a needed comparison, we will start with the previous findings of the compound’s 

influence on GBM. 
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3.1 Sample Preparation and Instruments Configuration 

 In these experiments, samples from the Mayo Clinic’s National patient-derived xenografts 

repository were used. The sample preparation followed the standard procedure of cells’ fixing on 

a microscope glass slide. The cells were plated in culture flasks, washed with phosphate buffer and 

detached from the flask. Fetal bovine serum, high glucose, and penicillin-streptomycin were added 

into the flask, followed by centrifugation of the mixture containing the isolated cells. After this 

procedure, the cells were incubated for 24 hours in a 100 µM NDGA concentration and for 4 hours 

in a 250 µM NDGA concentration. Finally, the cells were fixed on a plain microscope glass slide 

using 4% paraformaldehyde and washed five times with PBS and doubly distilled water. They 

were air dried at room temperature [29]. 

 An alpha 300 RAS WITec modular system was employed in the current confocal Raman 

measurements. The excitation of an Nd:YAG laser at 532 nm, a 50X objective lens with a 

numerical aperture of 0.75 were used. Sample damage was avoided by maintaining the average 

laser power around 3mW. The Raman mapping images were obtained by collecting arrays of 150 

x 150 Raman spectra with an integration time of 500 ms [29].  

  

3.2 NDGA Therapeutic Effects on Glioblastoma Multiforme 

 The confocal Raman microscopic experiments performed on GBM malignant cell line 

include besides the control sample, which consisted of untreated glioblastoma cells, two NDGA-

treated GBM cells with two different concentrations, 100 µM and 250 µM.  

 In Figure 3.1 we present the summary of these results that demonstrates NDGA’s 

therapeutic effect on glioblastoma multiforme for both these concentrations. It can be observed 

that a high dosage of NDGA has a similar outcome as a quasi-chemotherapy approach. This remark 
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is supported by the membrane and other structural cell damage for treatment with a 250 µM 

concentration. On the other hand, a treatment with repetitive, smaller NDGA dosages over a longer 

time is recommended, as explained below.  

 

 Figure 3.1. Confocal Raman mapping and integrated spectra of untreated (a-b), 100 µM NDGA-treated for 24 h (c-

d) and 250 µM NDGA treated for 4 h (e-f) GBM cells. [29] 
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 In comparing the integrated spectra of the control sample (untreated GBM) with those 

treated with two different concentrations, we first focus on 2888 cm-1 and 2935 cm-1 Raman peaks 

at the higher frequency spectral region. They correspond to the lipid (the 2888 cm-1 signature) to 

the protein (the 2935 cm-1 vibration) changing bio-ratio. In many types of cancers, it was found         

that an abnormal lipid-protein metabolism takes place [29]. Therefore, focusing on this region is 

crucial. In Figure 3.1, we can observe a decrease in this protein/lipid intensity ratio for the 100 µM 

concentration, while for the 250 µM it increases. It is expected that, for normal, healthy tissue, this 

ratio is low. Therefore, we can conclude that NDGA treatment has a beneficial effect at lower 

concentrations. The presence of lipid droplets is pointed with white arrows for treatment with 100 

µM NDGA concentration, showing that the compound is acting on the lipid-to-protein metabolism 

[29].  

 Another region of interest is 1000 cm-1 to 1300 cm-1. The 1004 cm-1, which corresponds to 

the phenylalanine biomarker, shows an increase in its intensity at 250 µM NDGA concentration. 

This increase, which typically occurs in cancerigenic samples, is now an indication of damaged 

cells at this high-toxicity concentration. Opposite to this statement, there is a decrease in the 

intensity of this peak when a 100 µM NDGA concentration is used. Once again, this is evidence 

of NDGA’s benefic effects on GBM at lower concentrations and the effect of the compound in 

scavenging the ROS (reactive oxygen species) species [29].  

 

3.3   Normal Astrocytes Under the Effect of NDGA’s Treatment 

 Although we found evidence that NDGA has some therapeutic effects for glioblastoma 

multiforme at lower concentrations, just as any other treatment method side effects are of concern 

due to the potential toxicity of the compound at high concentrations. As beneficial as it can be to 
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treat or prevent certain diseases, an uncontrolled intake of this phenolic lignan can damage other 

organs [17]. Therefore, to find a potential non-invasive brain cancer treatment, a detailed study of 

NDGA’s effects on normal tissue is also important. Confocal Raman microscopic experiments on 

normal astrocytes under the effects of NDGA are the focus of this research and are discussed in 

what follows. 

 

3.3.1 Raman Microscopic Results of Untreated Astrocytes  

 An investigation of untreated astrocytes was first performed to acquire the needed control 

sample results for future comparison with those after NDGA administration. To overcome any 

sample inhomogeneity several Raman mappings were performed at different locations on different 

samples. Some of the selected confocal Raman images and their associated integrated spectra 

(averages over 22,500 spectra per image) are presented in Figure 3.2. The spectroscopic results 

were processed using OriginPro for background subtraction and normalization to the 2935 cm-1 

vibrational line intensity. 

 While the integrated spectra for each image show relatively similar features, there are some 

minuscule discrepancies. For a better understanding of the analysis of these Raman changes, 

tentative assignments of the bands according to literature is summarized in Table 3.1. These 

tentative assignments will be used further for analyzing and identifying changes between the 

control sample (normal astrocytes) and the results after NDGA cell treatment with two different 

concentrations. We will put special attention to the Raman vibrational bands attributed to 

phenylalanine, lipids, and proteins. The reason behind this is that these signatures have a 

significant contribution in discriminating between normal tissue/cells and GBM. Besides 
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identifying cell malignancy or abnormal behavior they also provided insights into the NDGA 

mechanism of action. 

Table 3.1. Raman shifts and their tentative assignment. [29,30] 

Raman shift (cm-1) Tentative assignment 

752 DNA, symmetric breathing of 

tryptophan, cytochrome c 

860 C-C stretch proline, tyrosine, 

glycogen 

1004 C-C phenylalanine ring breathing 

1267 Amide III, fatty acids 

1461 Lipid (CH2), protein 

1667 Amide I 

2888 CH2 asymmetric stretch in lipids 

2935 CH3 symmetric stretch in proteins 

 

 From the confocal Raman images presented in Figure 3.2, the middle one reveals the 

presence of additional tissue surrounding the cell. A closer look at the intensity of 2888 cm-1 

Raman signature attributed to lipids shows a slight increase compared with the first and the third 

one. This statement is confirmed by the presence of lipid droplets observed in this image. 
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Figure 3.2. Confocal Raman mapping and spectra of normal astrocyte cells. 
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 In addition to these three confocal Raman measurements of different astrocytes other two 

cell measurements were considered, for a total number of five, in obtaining the average integrated 

Raman spectrum presented in Figure 3.3. This spectrum is going to be used for the final 

comparison between the control and the samples treated with two different concentrations.  

 

Figure 3.3. Average integrated spectra for untreated astrocyte cells. 

 

3.3.2 100 µM NDGA-Treated Astrocytes 

 Several samples of astrocytes treated with an NDGA concentration of 100 µM for 24 hours 

were measured and analyzed. Similar to the untreated astrocytes (control samples), we select five 

different cell measurements. Figure 3.4 is a representation of three of these measurements.   
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Figure 3.4. Confocal Raman mapping and spectra of 100 µM treated cells. 
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If we were to compare these individual results with the ones reported in Figure 3.2, we can 

already observe slight differences. For instance, an increase in the intensities of 1004 cm-1 

wavenumber and a very likely increase in the protein-to-lipid ratio (the ratio of the intensities of 

peaks at 2935 cm-1 and 2888 cm-1) can be depicted. The average of all five integrated spectra is 

presented in Figure 3.5. This average spectrum will be used for further comparison between the 

samples. 

 

Figure 3.5. Average integrated spectra of 100 µM NDGA-treated cells. 

  

3.3.3 250 µM NDGA-Treated Astrocytes 

 Finally, we repeated the confocal Raman experiments for astrocytes treated with a 250 µM 

NDGA concentration. For consistency purposes, we selected measurements of five different cells 

(spectra and confocal mapping images), with only three presented in Figure 3.6.  
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Figure 3.6. Confocal Raman mapping and spectra of 250 µM treated cells. 
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 We can observe noisier signals in Figure 3.6 compared to the individual results shown in 

Figure 3.4 and Figure 3.2. This is due to the fluorescence caused by the nordihydroguaiaretic acid. 

Therefore, background subtraction is a crucial process to avoid inconsistency and high error in our 

results. The average of all five integrated spectra for samples treated with a 250 µM NDGA 

concentration is presented in Figure 3.7. 

 

Figure 3.7. Average integrated spectra of 250 µM NDGA-treated cells. 

 

Once again, we observe an increase in the phenylalanine biomarker signal and the protein-

to-lipid ratio that will be proved later with the numerical calculations. 

 

3.4 Comparison of Untreated and Treated Cells  

 The individual results for each sample, give us an overview of what is happening to the 

cells under the effects of NDGA. However, to have a better understanding, it is important to 
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compare the average integrated spectra. As mentioned before, we selected five cells for each 

sample, and we used their individual Raman spectra to obtain an average. Figure 3.8 contains the 

representative images for the control, the 100 µM, and the 250 µM results. 

 

Figure 3.8. Confocal Raman mapping and integrated spectra of untreated (a-b), 100 µM NDGA-treated for 24 h (c-

d) and 250 µM NDGA treated for 4 h (e-f) normal astrocyte cells. 
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  To create Figure 3.8, we took representative images of the cell mappings and Figures 3.3, 

3.5, and 3.7, which correspond to the Raman integrated spectra. In this way, we can make a better 

comparison between the results.  

 As mentioned before, we will focus on the vibrational bands for phenylalanine, lipids, and 

proteins. By comparing the three spectra in Figure 3.8, we can conclude that NDGA has damaging 

effects on astrocytes. However, it is smaller compared to the damage that chemotherapy causes. 

The evidence of damage is seen by the slight increases in the intensities of the peaks at 1004 cm-

1, 1461 cm-1, and 1667 cm-1. The 1004 cm-1 vibrational line is assigned to phenylalanine, which is 

an aromatic amino acid. The aromatic amino acids are known to be part of several biological 

components that serve in the normal functioning of living organisms. Furthermore, researchers 

have found that the increase of aromatic amino acids can be an indication of cell malignancy, 

therefore they can be considered as potential biomarkers for cancer and other disorders [31]. The 

slight increase in the phenylalanine wavenumber is evidence of the cell damage. In addition to 

this, the Raman line at 1461 cm-1, along with the 2888 cm-1 and 2935 cm-1 vibrations, is indicative 

of induced structural modifications affecting lipid and protein content. This observation is also 

supported by the increase in the intensity of 1667 cm-1 peak, which is attributed to amide I [29].  

 To further understand the differences in the intensities of the 2888 cm-1 and 2935 cm-1 

peaks, we calculated their intensity ratios (I2935/I2888). For the untreated normal astrocytes, we have 

a ratio of 1.21 ± 0.02. For astrocytes treated with a 100 µM concentration, the ratio is 1.31 ± 0.03. 

Finally, for the sample with astrocytes treated with a 250 µM NDGA concentration, we obtained 

a ratio of 1.48 ± 0.04. The increase in this protein-to-lipid ratio suggests a damaging effect of 

NDGA on the cells, especially at higher concentrations.  
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 So far, we have talked about the Raman spectra. However, an analysis of the mapping can 

support our spectral results. If we observe Figure 3.8 (a), we have a healthy cell with an intact 

membrane, as expected. The mapping shown in Figure 3.8 (c), is that of a cell that is starting to 

get damaged, as we concluded with the integrated spectra, the damage is slight. On the other hand, 

Figure 3.8 (e), shows an unhealthy cell, the membrane is no longer intact. The damage caused by 

NDGA at higher concentrations is more significant.  

 We can conclude that, similarly to the results of our previous research (NDGA effects on 

GBM), a treatment with repetitive smaller NDGA dosages over a longer period is still 

recommended. Even though we proved that NDGA has a damaging effect on normal tissue, this 

damage is less compared to other highly invasive treatments such as chemotherapy. The benefic 

effects of NDGA on glioblastoma are remarkable. Therefore, we can say with certainty that NDGA 

could be another potential alternative for non-invasive brain cancer treatment.  
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Chapter 4: Conclusions 

 

 For a long time, cancer has been a target in the research community. Without question, 

impressive advances have been done. However, the prognosis and patient survival rate remain 

indicative factors that there are still improvements to be made. Current cancer diagnostic and 

treatment techniques had been the most valuable player in the health area but is not a secret that 

most of these methods are highly invasive and, some of them, difficult to perform. In hopes of 

finding better alternatives, researchers remain focused on this problem. Several studies had found 

different diagnostic methods that could be the alternative we are looking for. Between these 

methods, we can find Raman spectroscopic and microscopic techniques.  

In recent years, Raman spectroscopy and microscopy have been proven to excel in 

diagnosing and discriminating between normal and cancerous (or damaged) tissue. As an 

intraoperative technique, Raman spectroscopy is efficient, with a sensitivity of 93% and a 

specificity of 91%. However, there are still some limitations that scientists are looking to improve, 

so the technique can be practical in clinical applications. Scientists agree that to succeed, further 

in-vivo and in-vitro studies need to be done [13].  

The results presented in this project are another proof of Raman’s efficiency as a label-free 

technique. The beauty of confocal Raman microscopy relies on the advantage of measuring 

samples without prior preparation. The Raman spectra is a fingerprint that gives the needed 

information to analyze and further know the samples. In our case, it was a magnificent method to 

discriminate between cancerous and non-cancerous cells and to identify the effects that 

nordihydroguaiaretic acid (NDGA) has in these two types of cells.  
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Through this project, we have mentioned that glioblastoma (GBM) is the most devastating 

brain tumor. Therefore, the motivation to develop this research relies on finding a better alternative 

to treat this aggressive cancer. Traditional medicine is an extensive area that indigenous people, 

through their beliefs and experiences, have developed. Natural remedies remain being passed 

through generations. With the advances in science and technology, several researchers have 

focused on supporting with scientific facts the benefits of traditional medicine, led by the thought 

that, with further understanding and control of these natural treatments, a better alternative to treat 

several diseases can arise. As an example, our research consisted in analyzing the effects of NDGA 

chemical extract from Larrea Tridentata on GBM and astrocytes, through the utilization of 

confocal Raman microscopy.  

Previously, we demonstrated that NDGA has therapeutic effects on GBM. From the two 

different concentrations (100 µM and 250 µM), we concluded that treatment with a small dosage 

for a longer period has a better outcome, and thus is recommended, while the higher dosage induces 

cell and membrane damage. Similar to these concluding remarks, we analyzed astrocyte cells. In 

this case, we observed that NDGA has damaging effects on the tissue. However, once again, a 

smaller dosage over longer periods is recommended due to the less damage caused compared to 

the higher concentration. We were able to have these conclusions, thanks to the observations in 

the discrepancies and changes of the biological compounds’ spectral lines, such as phenylalanine, 

protein, and lipid ratios that, supported by literature, are some of the main biomarkers in different 

types of cancer.  

The nordihydroguaiaretic acid cytotoxicity remains to be a valid concern. However, we 

demonstrated that, even though NDGA has a damaging effect on astrocytes, it is less than the 

damage generated with chemotherapy. Therefore, the findings in this research, are a demonstration 
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of NDGA as a potential non-invasive brain cancer treatment. In general, further research, in-vivo 

and in-vitro must be performed to continue understanding the NDGA activity on living organisms. 

These steps can lead to the development of a new and controlled drug to treat cancer.  

Finally, as a continuation of this project and similar to the previous research regarding 

GBM, a deeper and unbiased analysis can be done by performing principal component analysis 

(PCA). This statistical technique can be a complement to our experimental analysis and 

conclusions, since it does not take into account the Raman spectra tentative assignments, on the 

contrary PCA takes these assignments as variables. Therefore, it is unbiased of previous 

knowledge [29]. 
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