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Abstract 
Although prostate cancer is the most diagnosed cancer in men worldwide, there is 

geographical variance in both incidence and morbidity, with higher trends in 

Westernised developed countries. In particular, the high levels of the omega-6 

polyunsaturated fatty acid arachidonic acid (AA) in Western diets has been shown to 

promote aggressive prostate cancer in vitro. However, the exact mechanism through 

which AA induces the aggressive phenotype has not been fully characterised. Here 

Fourier transform infrared microspectroscopy (FT–IRM) coupled with fluorescence 

microscopy (FM) was used to follow AA metabolism in prostate cancer cell lines.  

Using partially deuterated AA, (d8-AA), with a distinctive C-D stretch seen at              

2251 cm–1 providing molecular specificity, coupled with Nile Red Fluorescence 

imaging, it has been shown that, unlike the non-invasive prostate cancer cell lines PNT2 

and LNCaP, invasive prostate cancer lines PC-3M, PC-3. LNCaP C4-2B and DU145 

readily uptake and metabolise AA, producing prostaglandin E2 (PGE2) via the 

cyclooxygenase-2 (COX-2) pathway. Inhibition of the COX-2 pathway with NS938 

reduces the invasive stimulus of AA and blocks the uptake of AA. Similarly, the 

addition of the omega-3 poly unsaturated fatty acid Docosahexaenoic acid (DHA), 

previously shown to inhibit AA induced invasion, inhibited cellular AA uptake in 

invasive cell line PC-3. In conclusion, it has been demonstrated that FT–IRM can be 

utilised to follow metabolomics processes within a prostate model and provide an 

insight to the molecular pathways underlying the metabolome. This could play a pivotal 

role in understanding the chemistry and behaviour of the initiation of metastatic prostate 

cancer.  
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1.1 Cancer Statistics 

 

In the last 20 years, the global trend of mortality and morbidity of prostate cancer has 

significantly increased (1). In 2000, there were 543,000 new cases diagnosed and it was 

the third most diagnosed cancer in men worldwide (2). By 2002, 679,000 men were 

diagnosed worldwide, increasing in 2012 to over 1,000,000 diagnoses and 300,000 

mortalities (3,4,5). Finally, in 2018 there were 1,600,000 men diagnosed and 366,000 

mortalities from prostate cancer worldwide (6). The figures indicate that the morbidity 

of prostate cancer has tripled between 2000 and 2018, putting a huge strain on 

oncological medicine. The growing average age of global populations will only 

exacerbate the problem (7), with the global population expected to grow to 8.3 billion 

by 2030 (8).  

1.2 Prostate Cancer Risk Factors  

1.2.1 Age 

It is well documented that typically prostate cancer incidence increases with age (9). 

The overall prognosis is poorer for younger men diagnosed with prostate cancer, 

typically with a more aggressive phenotype of the disease (10,11,12).  The median age 

of prostate cancer diagnosis has decreased from 72 to 68 years old between the years 

1988 and 2003 (13). The median age of men with prostate cancer diagnoses appears to 

have plateaued between 2003 and 2015 (14).  

1.2.2 Ethnicity  

It is well recognised and accepted that the risk of prostate cancer is much higher in black 

men than in white men globally (15). The difference in prostate cancer incidence 
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between race maybe skewed by the fact that different countries have different health 

care tests available and hence detection pathways between countries. It is consistent 

through all communities that black men are at a higher risk of developing prostate 

cancer younger (16,17). The PROCESS study carried out by Ben-Shlomo et al. 

discovered that the age-adjusted incidence rate in black Caribbean men was over triple 

that of white men, with black African men just under triple the age-adjusted incidence 

rate (18).  

1.2.3 Diet  

Evidence suggests that dietary fats may play an important role in the aetiology of 

prostate cancer, although the extent is currently unknown (19,20,21). The composition 

of dietary fats could influence the risk of prostate cancer (22). There are three main 

types of dietary fats: saturated, monounsaturated and polyunsaturated (23). A saturated 

fatty acid contains no double bonds in its carbon backbone, a monounsaturated fatty 

acid contains 1 double bond in its carbon backbone and a polyunsaturated fatty acid 

contains more than 1 double bond in its carbon backbone. Two common 

polyunsaturated fatty acids which are said to play a pivotal role in the progression of 

cancer are omega–6 (ω-6) and omega–3 (ω-3) fatty acids.  

There has been a major shift in the dietary balance in developed countries between ω-

6: ω-3 fatty acids through industrialisation and changing diets, with parts of America 

consuming a dietary ratio of ω-6: ω-3 fatty acids as high as 20:1 (24), these trends 

directly couple with incidence rates of prostate cancer, suggesting that ω-6 fatty acids 

play a role in the development of the disease.  
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1.3 Current Treatments and Prognosis  

The treatment, management and prognosis of prostate cancer is thought to be improved 

if caught early, although the literature surrounding this is currently unclear (25). Age, 

co-morbidities, type, size and grade of the cancer (whether the cancer has metastasised) 

dictate the management of prostate cancer, both increasing the complexities regarding 

treatment management and developing patients care plans (26). These factors greatly 

influence the direction in which patient’s treatment options are aimed, ultimately with 

the decision to treat the disease aggressively usually by chemo/radio-therapy or manage 

the condition via hormone therapy (cure or control). For many men, there will be no 

need for treatment but each individual case is different (27).   

The stage of prostate cancer is determined through the results of the patient’s prostate 

examination, biopsy and scans determining if the cancer is localised or if the patient has 

secondary cancer sites (28).  

1.3.1 Localised or Locally Advanced Prostate Cancer Treatment Options 

If the cancer is localised and the patient is relatively young, there is the potential to cure 

the disease surgically by a radical prostatectomy. This surgery carries risks, the most 

common being urinary incontinence and impotence (29). There is a rare and potentially 

fatal risk associated with the treatment; there is a possibility to displace tumour cells 

into the circulating blood, which could lead to secondary tumour sites (30). After a 

radical prostatectomy, ejaculation is no longer possible, meaning infertility is inevitable 

(31). Radiotherapy can be coupled with the surgical procedure or used as an individual 

treatment option, killing, slowing down or alleviating symptoms depending on the stage 

of the disease (32).  
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A treatment option which has become common more recently is brachytherapy, where 

radioactive seeds are planted within the prostate (33). This treatment option is effective 

and offered when the disease is localised and contained within the prostate. Depending 

on the patient, a low, medium or high dose can be delivered (34). The dose can either 

be permanent or fixed meaning the treatment can be varied depending on the patient’s 

condition and needs. The advantage of this treatment is a dramatic increase to quality 

of life with the patient often returning to daily life reasonably quickly. The radiation is 

also short acting meaning the likelihood of damaging the surrounding healthy tissue is 

low. A disadvantage to long term use is damage or interference to adjacent organs (35).   

Another treatment option for localised or sometimes locally advanced prostate cancer 

is high-intensity focused ultrasound (HIFU). This technique requires an ultrasound 

probe to be inserted into the rectum in close proximity to the prostate using high 

frequency ultrasound energy to destroy cancerous prostate tissue (36). This treatment is 

in the infancy stage of development with the long-term side effects yet to be known, 

therefore it is only available as part of clinical trials (37).  

Cryotherapy is an alternative treatment for localised prostate cancer. Needles are 

inserted into the prostate and a low temperature gas is passed down the needle to freeze 

the target area in the prostate (38). There are two main forms of this technique, whole-

prostate cryotherapy where the entire prostate is frozen and focal cryotherapy, where 

only part of the prostate is frozen, in turn freezing less healthy tissue (39). The 

advantage to this treatment is the technique is relatively less invasive than other 

techniques with a fast recovery time. The disadvantages mainly arise from the lack of 

knowledge associated with the long-term risks with possible urinary and erection issues 

(40).   
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Transurethral resection of the prostate (TURP) is a surgical procedure that removes 

sections of the prostate. A thin metal tube is used with a camera and metal loop. The 

metal loop is heated with a current and used to cut away the cancerous region. A catheter 

is then inserted flushing the bladder with fluid, washing away any pieces of removed 

prostate (41). The risks for TURP are low with the potential to lose the ability to 

ejaculate (42). 

Hormone therapy (HT) is a treatment that can be used in all stages of prostate cancer. 

Testosterone is a key hormone in the development and proliferation of prostate cancer. 

Depriving prostate cancer cells of testosterone limits and suppresses the growth of the 

disease. HT either stops your body from producing testosterone or blocks testosterone 

from reaching prostate cancer cells (43). Prostate cancer eventually becomes resistant 

to the hormone with the length of time differing for each patient. Once the prostate 

cancer has become resistant (43), there are secondary hormones which can be used to 

limit the growth of the disease (44). 

1.3.2 Advanced Prostate Cancer Treatment Options 

The term advanced is given when the disease is no longer localised and spread to a 

secondary site through metastasis, usually to organs surrounding the prostate or the 

bone. This means treatment options are much more limited, with a primary focus on 

pain management and quality of life (45). HT will be used to control the growth of the 

prostate cancer outside the primary site, but this has a limited effectiveness. 

Bisphosphates are used when the patient is symptomatic of bone pain (45). When the 

patient stops responding to hormone therapy there is a potential to carry out clinical 

trials using radium-223. Active bone cells uptake radium-223, as cancer cells are more 

active than bone cells, the probability of cancer cells up taking the radium-223 is much 
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higher than healthy bone cells, making the treatment ideal to target bone metastasis in 

advanced stages of the disease (46). Steroids also may be taken by the patient with 

advanced stages of the disease. Steroids act by limiting the cancers invasive ability for 

a limited time, as well as reduce symptoms such as inflammation and edema (47). 

Beyond these treatments, resources are exhausted and the mode of care is switched to 

palliative.  

1.4 Anatomy of the Prostate  

The prostate is anatomically separated into three main glandular zones, the peripheral, 

transition and central zones. The structure of the prostate gland secretory duct consists 

of prostate epithelium which is comprised of basal, intermediate, neuroendocrine and 

luminal cells (48) which can be seen in a prostate gland cross section in Figure 1.  

 

 

Figure 1 – Structural diagram of the cellular arrangement in the prostate gland secretory 

duct (49) 
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It has been said that only the basal and luminal cells are the cancer-causing cells by 

origin according to work carried out on both basal and luminal cells by Wilson and 

Moscatelli et al. (50). Because tumour tissue consists of luminal cells with no basal 

cells, the train of thought amongst pathologists is that luminal cells must be the origin 

of the disease. On the other hand, cell biologists believe basal cells have a greater 

regenerative potential leading to the argument that basal cells are the true origin. A key 

finding by Goldstein et al. was that a mutation can occur in a basal cell but still end up 

with a luminal tumour (51), which is a nice indication that both cells can lead to tumour 

formation. Work carried out by Wang et al. found that luminal cells were consistently 

the tumour causing cells (52), with luminal cells favoured as the tumour origin. It was 

also said that basal cells only give rise to tumour after differentiation into luminal cells. 

The study suggested that the origin was still unclear to weather luminal, basal or both 

was the cause of prostate cancer. 

1.5 Cancer Metastasis Mechanisms  

1.5.1 Androgen Receptors  

Initial work carried out by Huggins and Hodges highlighted the dependence of prostate 

cancer cells on androgen. Androgens are essential steroid hormones which regulate 

male sexual development and differentiation (53). The major androgens in males are 

testosterone dihydrotestosterone (DHT) and androstenedione.  It was seen that 

androgen binds to the androgen receptor (AR), translocating to the nucleus, the binding 

of androgen to androgen responsive regions influences the transcription of androgen-

regulated genes (Prostate-specific antigen (PSA)). This in turn stimulates the 

proliferation of prostate cancer cells and inhibits apoptosis of the foreign cancer cell 

(54). Current treatments controlling early metastatic prostate cancer such as HT aim to 
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reduce the androgen levels within the body by essentially castrating the patient stopping 

the production of testosterone (55). All patients at some point will progress as the 

tumour becomes resistant to the treatment, by adapting to the androgen-deprived 

environment becoming castrate-resistant. There are several mechanisms which lead to 

castrate-resistant prostate cancer which plays a huge role in leading to bone metastasis. 

Firstly, prostate cancer cells become “hypersensitive” to androgen stimulation by 

upregulating the AR expression. Secondly the paracrine and autocrine production of 

androgen is upregulated. Steroids such as oestrogens also have the ability to activate the 

AR. By-pathways have been found to contribute to the AR growth of prostate cancer 

cells using interleukin-6 signalling described below (56).  

1.5.2 Interleukin-6 Signalling 

Interleukin-6 (IL-6) is a glycoprotein related to progressive castrate-resistant prostate 

cancer and is expressed in prostate cancer cells as early as benign hyperplasia (57). As 

the cancer progresses and becomes more advanced with metastatic characteristics, there 

is an increased expression of IL-6 (58).   

1.5.3 The Metastatic Process 

 

In 1889 Paget et al. proposed that the metastasis of a solid tumour can be described by 

a “seed and soil” hypothesis (59). In this model, the tumour is the seed and the soil 

describes the organ. The soil is very fertile, aiding the growth and development of the 

seed (tumour). The model also states that the seed can only metastasise to the soil. This 

is still classed as an excellent description of tumour metastasis but the description lacks 

the detail on a molecular level for organ specific metastasis.  
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There are multiple steps which lead to the growth of a metastatic tumour, namely: 

angiogenesis, local migration, invasion, intravasation, circulation, extravasation leading 

to angiogenesis and colonisation in the new site (60). These events are fundamental in 

allowing discrimination of the tumour cells from the primary to secondary or tertiary 

foci. A statistic released by health organisations show that over half of the patient 

diagnosed with cancer also have detectable metastatic progression with a higher level 

of patients showing micro-metastatic progression beyond the standard diagnostics used 

by health care professionals (61). 

The formation of a tumour begins with the initial development of a neoplasm (a foreign 

tissue to its environment) through various cell signalling mechanisms coupled with the 

introduction of specific growth factors. Studies have shown that, for a neoplasm to 

exceed 1 mm in diameter within the primary site, angiogenesis must occur (62). It is 

noted that oxygen can only diffuse across a capillary into a depth or roughly 150 µm, 

therefore it is essential to create new blood vessels around and within the tumour to 

supply the oxygen needed to avoid cell induced death from hypoxia. The steps involved 

in neovascularisation are epithelial cell formation, the migration and proliferation of 

these cells so they are located in the correct area, then finally the formation of the 

vascular loop and basement membrane where the basement membrane is a thin, fibrous 

extracellular matrix which separates epithelium, endothelium and connective tissues. 

Cellular instructions are used and activated, similar to that of wound healing to lyse the 

nearest environment allowing the new blood vessel to reach the required tumour 

location. The need for tumour angiogenesis has been shown in studies carried out by 

Vartanian et al. highlighting the correlation of intracellular microvessel density (IMD) 

and poor prognosis in prostate cancer tumours (63), showing a much greater IMD in 
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prostate cancer tissue than in healthy tissue. Hence indicating the importance of 

angiogenesis in neoplastic growth.   

For cancerous cells to spread, they need to be able to break away from neighbouring 

cells. Loss of cell adhesion is vital for cells to have the ability to metastasise and travel 

to nearby lymphatic and blood vessels. Within a normal prostate gland, epithelial cells 

are strongly bound to one another, so initially the cancerous cell phenotype has to 

change from a stationary to a migratory phenotype. It must be noted, that when the 

tumour cell reaches a secondary site and has successfully metastasised, there is an 

upregulation to the cell adhesive mechanism to reattach the cell to a secondary 

metastatic site. When this occurs, there is a lower promotion of the cell adhesion 

molecules (CAM) (64). CAM is a calcium-dependent transmembrane surface protein 

which enables the binding to either same or different cell types (65). Coman et al. first 

displayed the adhesive nature of malignant cells (66).  One interesting area which needs 

to be elucidated is the influence of calcium concentration within a cell’s environment. 

Changing calcium concentration would influence the ability for CAM’s to bind to other 

surface molecules consequently effecting the adhesive ability as the protein requires 

calcium ions to function. The CAM which is of most interest is E-cadherin (CDH1) 

which is specific for the binding of epithelial cells. The binding of two epithelial cells 

via E-cadherin within the prostate forms an adherens junction. The E-cadherins repeat 

on the extra-cellular membrane and are the calcium binding domains (67).    

1.5.4 Invasion and Degradation of the Local Stroma 

The extracellular matrix (ECM) plays an important role in the stromal invasion process. 

This is a group of molecules secreted by the cell providing biochemical and structural 

support to the neighbouring cells. Integrins are another type of CAM involved in 
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stromal invasion, these are used to mediate interactions between the ECM and tumour 

cells during the first metastatic invasion. By regulating these interactions between the 

different CAM’s, the tumour cell is able to move out its native environment amongst 

the stromal cells been capable of staying and penetrating other regions by upregulating 

the second CAM integrin. This was shown by Edlund et al. where they used the prostate 

cancer cell line LNCaP to show the binding of the cancer cell matrix components on 

laminin (fibrous protein located on the basal lamina of the epithelia) and vitronectin 

(ECM protein) (68). It is important and pivotal that the cancer cells break down the 

tissue barriers to escape and metastasise, this process involves the basement membrane 

and interstitial connective tissue (main components of the EMC). The ECM is broken 

down by several different proteases namely: matrix metalloproteinases, serine 

proteinases, cysteine proteinases and aspartyl proteinases. Once the tumour cell escapes 

its primary site, it needs to breech the basement membrane entering and exiting the 

blood vessels or lymphatic system in intra- and extra- vasation.   

Once the tumour cell has penetrated the basement membrane, entering the lymphatic of 

vascular system, there are two potential outcomes. The tumour cell can either seed and 

multiply at the site or break away as either a single cell or a group of tumour cells. For 

the tumour cells to survive within the blood, they have to overcome the immune 

responses within the blood and be able to cope with the turbulent shear forces exerted 

on the cells by the blood flow. It is evident that when the tumour cells use the lymphatic 

system for mobilisation avoiding the intense immune response within the blood stream. 

When tumour cells are within the blood stream, immune recognition should create a 

response to the tumour cell antigens and handled by the antigen presenting cells. Often 

the tumour cells down-regulate the antigen expression which initiates the cytotoxic T-
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lymphocyte destruction [69]. Tumour cells also overcome the shear forces within the 

turbulent blood flow by adhering to platelets by expressing the receptors on the tumour 

cells surface and allow the tumour cells to stay within the small micro-blood vessels 

[70]. Once the tumour cell reaches its metastatic site, the same processes are undergone 

with extravasation out of the blood or lymphatic vessels, cellular adhesion to the new 

environment and angiogenesis supplying the secondary tumour with the oxygen needed 

to survive and grow. Before the epithelial cancer cells enter the blood vessels, they must 

breach the endothelial vascular wall penetrating through tight cell junctions in the 

endothelial lining.   

1.5.5 Tight Cell Junctions  

Over the years, cancer research invested a large amount of time looking at tumour 

progression and development. More recently, research groups and institutions are 

investing a significant amount of time looking at the roll of tight cell junctions (TCJ) in 

cancer metastasis, as secondary tumours are responsible for most cancer related deaths 

due to malignancy (71). To truly take advantage and exploit the potential discovery of 

the roll of TCJ in cancer metastasis, the architecture, structure and biochemical 

behaviour between endothelial cells needs to be explored and understood.  

TCJ are discrete sites of fusion between the adjacent epithelial cells outer plasma 

membrane joined by a number of fibrils in a series of kissing points (72). The TCJ is 

thought of as the first impeding structure when a tumour cell begins its metastasis (73). 

There are a number of directly related studies carried out mentioned previously showing 

the loss of the TCJ is through the up and down regulation of joining proteins. Recent 

studies have shown that, depending on the organ site, there are different degrees of 
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permeability of the TCJ (74). The TCJ contains three regional constituents: Integral 

transmembrane proteins, plaque anchoring proteins and regulatory proteins (75). The 

integral transmembrane proteins are adhesion proteins which ensures the correct 

assembly of the TCJ structure and controls the function of the TCJ via homotypic and 

heterotypic interactions. Concurrent functions are seen for the Plaque anchoring and 

regulatory proteins, enabling successful assembly and maintenance of the TCJ. These 

proteins provide a link, acting as a scaffold between neighbouring endothelial cells. 

This link provides access between the neighbouring actin cytoskeleton and also enables 

cell to cell signalling (75). The TCJ has four fundamental roles, the first of which 

provides the separation and sealing of intercellular space been the apical and basolateral 

fluid compartments of endothelia and epithelia. Secondly, provides a reservoir for TCJ 

molecules, which act as intermediates and transducers in cell signalling mechanisms, 

highlighting the importance of TCJ in the role of cell differentiation, proliferation, 

growth and polarisation. Thirdly, the TCJ provides the mediation of adhesion. Finally, 

the TCJ provides the separation of different tissues acting as a barrier to cell migration 

and motility (76). The development of human cancer is frequently associated with the 

failure of epithelial and endothelial cells to form TCJ’s allowing an insufficient balance 

in apicobasal polarity (76).  

1.5.6 Bone Invasion 

Once the circulating tumour cells (CTC’s) are within the vascular system, they have the 

potential to locate and attach to different areas in the body. There is overwhelming 

statistics relating cancer metastasis to the bone, with studies showing 90% of prostate 

cancer patients die with bone metastasis (77). Currently the mechanisms involving 

cancer metastasis to the bone are poorly understood so there is little information 
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available regarding why prostate cancer spreads to the bone so often. Prostate cells bind 

to human bone marrow endothelial cells, there is a greater binding affinity to these cells 

compared to other endothelial cells and a proposed “dock and lock” mechanism has 

been suggested (78). This model suggests that the epithelial cells in the bone regularly 

express adhesion molecules such as P-selectin and the Sialyl-Lewis(X) carbohydrate on 

the surface of the prostate cancer is attracted and associates through a docking 

mechanism (79). The mechanism following this to lock the prostate cancer cells to the 

epithelial cells is mediated by integrins as mentioned above.  

Not only are integrins essential for the early steps in prostate cancer metastasis, they 

could also play an important role in colonisation. It is said that the integrins which are 

expressed by the prostate cancer cells are also expressed in osteoclasts (a large 

multinucleate bone cell which absorbs bone tissue during growth and healing) facilitate 

tumour spreading within the bone. A study carried out by Cooper et al. shows that 

integrin αvβ3 is expressed in metastatic PC-3 cells and mediates migration on tissue 

culture plates coated with vitronectin and osteopotin to resemble the environment 

within the bone (80).  
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1.6 Arachidonic Acid 

AA is a polyunsaturated ω–6 fatty acid. The fatty acid is a 20-carbon chain, containing 

4 cis-double bonds. The first double bond is located 6 carbons back from the opposite 

end to the carboxylic acid group [81]. The structure can be seen in Figure 2. 

 

Figure 2 - Skeletal Structure of Arachidonic Acid 

 

Studies show that ω-6 fatty acids such as linoleic and AA promote cell proliferation in 

prostate cancer cell lines (82,83,84), whereas the reverse is true of long chain poly 

unsaturated ω-3 fatty acids which exhibit inhibitory effect on cellular proliferation (85).  

Fatty acids are seen to influence a wide range of diseases such as inflammation, heart 

disease and the aggression of cancers. Diet has a great influence on prostate cancer with 

rates of prostate cancer varying with geographic location, yet the influence on risk 

factors are still widely controversial (86). Omega-6 fatty acids such as AA and linoleic 

acid promote cell proliferation in cancer cell lines whilst omega-3 fatty acids inhibit cell 

proliferation. Fish derived ω-3 fatty acids, more specifically docosahexaenoic acid 

(DHA) and their role in prostate cancer treatment and prevention are currently a 

controversial topic. (87). A study carried out by Chaudry et al. examined tissues from 

radical prostatectomy and found that there was 10 times as much AA in tumour tissue 
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than healthy prostate tissue (88). It is seen that the tumour cells use AA to fuel the 

development and progression of the disease but the pathway is not fully understood.  

There are multiple pathways thought to be responsible for AA induced cell proliferation 

in prostate cancer tissue. It is thought that the pathway which produces specific 

eicosanoids (signal molecules, most classified as hormones derived from ω–3 and ω–6 

fatty acids where the ω–6 fatty acid are generally known for pro-inflammation and ω–

3 known to influence inflammation less) which mediate the inflammatory response. The 

eicosanoids are produced by leukocytes which invade the tumour and tissue cells. 

Autocrine (cell signalling which produces hormones/ chemical messengers which bind 

to their complementary receptors on the same cell leading to a change in the cell) 

Paracrine (cell to cell communication which produces signals inducing changes in cells 

in the region close by and changing the differentiation and behaviour of the cells) the 

molecules produced by the signal pathways autocrine and paracrine are called autocrine 

factors and paracrine factors respectively. The eicosanoids act as autocrine and/ or 

paracrine factors which have essential biological roles such as blood clotting, immune 

response and cell proliferation (89).  The eicosanoids fall into 3 major groups: 

prostaglandins (PGs), leukotrienes (LTs) and thromboxanes (TBs). 

Eicosanoids have also been found to be involved in enzymatic pathways of the 

isoenzymes cyclooxygenases (COXs) (90). COX enzymes (1 and 2) catalyses the 

omega-3 and omega-6 fatty acids to produce prostanoids (a sub category of 

eicosanoids). Eicosanoids can also be associated with lipoxygenases (LOXs) which are 

a group of iron containing enzymes that break down the dioxygenation of fatty acids in 

lipids. The last enzymatic pathway being cytochrome p450.  
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1.6.1 Arachidonic Acid to Prostaglandin COX Pathways 

The work carried out by Masferrer et al provides evidence that COX-2 derived 

prostaglandins influence tumour growth via metabolic mechanisms and angiogenesis 

promotion within the tumour (91). It is well documented that COX-2 catalyses the rate 

limiting step in the biosynthesis of prostaglandin (PG) (92). Therefore, it is of the 

upmost interest to understand and gain a deeper knowledge into metabolic pathways 

between AA and the prostanoids. The first stage of the AA to PG pathway involves the 

COX-1/2 enzyme converting AA into the unstable PGG2 and further into PGH2 via the 

oxygenase and the peroxidase functions respectively (93). The metabolism of PGH2 is 

very much environment and cell specific. There are three possible pathways the in 

which the PGH2 metabolises, firstly thromboxane (TB) synthesis specific to 

macrophages and platelets, secondly prostacyclin synthesis found in endothelial cells 

and finally the PGs which are present in many cell signalling pathways (94) all of which 

can be seen in the COX pathways of the AA cascade shown in Figure 3. Two 

metabolites within the prostaglandin sub category are of deep interest in current prostate 

cancer research, PGD2 and E2.  
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Figure 3 – The AA metabolic Pathway through COX-1 and COX-2 action specific to PGs E2 

and D2 accompanied with their chemical structures.  
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1.7 Studies Assessing the Role of COX-2 in Prostate Cancer 

 

The cellular AA metabolic pathways are well documented (84), but the metabolism of 

AA in the development of prostate cancer is currently poorly understood. A pathway 

which is of great interest is the COX pathway, where AA undergoes enzymatic 

transformation to the prostaglandins via the enzyme isoforms COX-1 and COX-2.  It is 

said that the COX-1 enzyme is present in nearly all human cells (constitutively) without 

regard to cellular environment in contrast to its COX-2 isoform which is more inducible 

with its concentration noticeably increasing in tissues with incidences of inflammation 

(95). Another interesting point is that the vmax (the enzymes optimum rate) and the km 

(concentration of substrate which allows half of vmax) are very similar for both COX 

isoforms (96). It is seen that both enzymes are integral membrane glycoproteins located 

on the luminal surface of nuclear envelope and the endoplasmic reticulum (97).    

 It is stated in many studies that the COX-2 expression increased in cancerous tissues 

such as gastrointestinal, pancreatic, lung, prostate and breast with the most noticeable 

colon malignant tissue with the suggestion that COX-2 inhibitors which are anti-

inflammatory drugs may decrease the risk of malignant tissues (98). Fradet et al. state 

that many sources (bacterial and viral infections, diet, and intraprostatic urine reflux) 

can lead to and develop inflammation which in turn influences the risk of prostate 

cancer (99). This hypothesis is strengthened further by Patel et al., who carried out an 

in-depth review of literature, stating that epidemiological evidence that nonsteroidal 

anti-inflammatory drugs potentially decrease the risk of prostate cancer by the 

inhibition of the COX-2 enzyme which has been validated in pre-clinical studies (100).  
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Another study highlighting the importance of inflammation in cancer development is 

work by Wang et al., looking at COX-2 expressions with respect to areas of 

inflammation (101). Immunohistochemical analysis was carried out on 43 human 

prostate cancer sets for the COX-2 correlation with T-lymphocytes, macrophage 

densities and CD31 marked micro-vessel density (MVD) in situ. The study showed that 

40 of the 43 samples showed a range of COX-2 expression levels with a greater intensity 

linked with higher Gleason graded tissue and areas of chronic inflammation. Areas of 

positive expressions of COX-2 showed to have high levels of T-lymphocytes and 

macrophages in contrast to the negatively expressed COX-2 regions. The study 

hypothesises that COX-2 could be a potential therapeutic target for prostate cancer 

treatment showing regions of inflammation linked with strong positive expressions of 

COX-2 linked to tumorigenesis and angiogenesis in the surrounding stromal tissue.  

Liu et al. investigated the effects of inhibiting the COX-2 enzyme on tumour 

development and progression (102). The study uses 28 nude mice which were each 

subcutaneously inoculated with 106 PC3 cells in which all tumours in mice were 

palpable. Half the set of mice were randomised and administered a control drug over 9 

weeks with 3 weekly doses, and the remaining mice administered NS398, which is a 

COX-2 inhibitor on the same dose regime. After the 9-weeks, all mice were euthanised 

and histochemically analysed for proliferation, apoptosis and MVD. The mice which 

received the control drug showed a substantially increased tumour surface area at        

285 mm2 compared to those who received the COX-2 inhibitor at 22 mm2. 

Immunohistochemistry revealed that there was no change in cellular proliferation 

between the control and COX-2 inhibited populations, but there was increased apoptosis 

and decrease micro–vessel density (MVD) in the mice who received the COX-2 
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inhibition. Overall the NS398 COX-2 inhibitor showed dramatic signs of PC-3 

suppression with decreased angiogenesis potentially achieved by tumour cell apoptosis 

induction.  

A study carried out by Kirschenbaum et al. aimed to define and determine COX-1 and 

COX-2 expressions in prostate tissue ranging from healthy to diseased (98). There was 

31 paraffin embedded prostate carcinoma samples obtained from a radical 

prostatectomy, each of the tumour specimens were analysed with respect to the samples 

2 highest Gleeson grades leading to 62 cancerous samples. After further analysis 28 of 

the 31 samples were determined to be prostatic intraepithelial neoplasia (PIN) 

accompanied by 10 samples with benign prostatic hyperplasia (BPH) were analysed 

from transurethral resections of the prostate. The samples were stained with mouse anti-

human COX-1 and COX-2 antibodies where the comparison was made between the 

histologic tissue types (luminal and basal BPH, different Gleason cancerous tissue and 

PIN). The study was semi-quantitative giving an immuno-reactive average intensity 

score for each histological group. It was seen that both COX-1 and COX-2 expressions 

increase in prostate cancer tissue with COX-2 increasing alone in both luminal and basal 

PIN. There was no sign of change in the BPH tissues, overall showing that the COX-1 

and COX-2 expressions may play a significant role in the progression of prostate cancer. 

A point to be noted is that neither age nor race was mentioned, both of which change 

morbidity and alter the aggression of the disease. Also, an average intensity was taken 

when looking at the immuno-reactive sections of the tissue samples, this could lead to 

a distortion where key features of the tissue may be overlooked when obtaining a global 

representation of the tissue samples.  
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A study by Otto et al. is also in agreement with the findings of Kirschenbaum et al. 

where the expression of COX-2 was monitored in various animal models. It is found 

that the overexpression of COX-2 causes noticeable tumorigenesis. When the COX-2 

pathway is inhibited, a reduction of the progression and incidence was seen. These 

findings are reinforced by the work conducted by Prescott et al., where genetic and 

clinical studies were examined and analysed, the result suggested that COX-2 

upregulation is a key step in the development and proliferation in carcinogenesis (103).  

Hughes-Fulford et al. was able to demonstrate the uptake of exogenous AA by PC-3 

cells using nile red fluorescence which ultimately triggered RNA induction within 

minutes followed by protein and PGE2 synthesis within 2 hours (104). It is said that the 

AA stimulates the phospholipase A2 which was described as dose dependant along with 

the COX-2 gene expression where COX-1 had no increase. Further to this, Hughes-

Fulford was able to show phospholipase and COX-2 inhibition by flurbiprofen (COX 

inhibitor) which reduced tumorigenesis, highlighting AA and PGE2 play a critical role 

in the stimulation of prostate tumour growth by altering the gene expressions in PC-3 

cells.  

Experiments carried out by Connolly et al. aimed to examine the effects of dietary fatty 

acids on the human prostate cell line DU145 (105). They carried out 2 experiments, the  

first of which 25 mice were fed 23% (wt/wt) fat diets looking at 3 different diets: 18% 

corn oil (CO) with 5% linseed oil (LO), 18% LO with 5% CO and finally 18% 

menhaden oil (MO) with 5% CO, 7 days later 1 million DU145 cells were 

subcutaneously injected into the nude mice with the rich fat diets carrying on for 6 

weeks. The mice that were fed 18% CO with 5% LO and 18% LO with 5 % CO showed 

very similar tumour growth rates compared to the 18% MO with 5% CO where the 
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tumour growth rate fell by 30%. The hypothesis made was the 18% MO compared to 

the CO or LO had reduced the amount of AA available limiting the production of PGE2 

reducing the tumour growth rate. The second experiment 25 mice were injected with 

first 5x105 cells and 25 more with 1x106 cells directly into the prostate. The mice were 

fed high or low-fat linoleic acid diet for 10 weeks. On autopsy, macroscopic cancers 

and microscopic intraprostatic tumours were assessed. It was found that the mice with 

the higher load (1x106 DU145 cells) 43 of the 50 mice developed large macroscopic 

tumours the average tumour mass in the high fat treated cells was twice that in the low-

fat diet. This could be an indication of the AA acid metabolised to PGE2 plays a critical 

role in the proliferation and tumorigenesis of prostate cancer.  

A study by Hussain et al. displays further evidence that COX-2 is over expressed in 

human prostate cancer (106). The study uses 12 matchless pairs of benign and prostate 

carcinoma tissue from the same patient analysing the COX-2 mRNA expressions. The 

investigation proved very interesting, showing clear indication towards an increased 

COX-2 mRNA expression in the prostate carcinoma tissue compared to that of the 

benign tissue. Further analysis was carried out looking at the COX-2 protein expression, 

which again was significantly higher in the prostate carcinoma tissue than in the benign 

tissue.  

Coupled with the study carried out by Hussain et al. was the work by Yoshimura et al. 

which investigated the effects of COX-2 within prostate carcinoma tissue compared to 

that of benign (107). The experiment uses an assortment of tissues including: 28 prostate 

adenocarcinoma (PAC), 8 BPH, 1 PIN and 8 healthy. It was found that very low 

expressions of COX-1 expressions were found in prostate tumour cells with the 

immuno-reactive expression clearly marked for COX-2. Both COX-1 and COX-2 
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expressions were weak in BPH and healthy tissues. Overall, the most intense COX-2 

expression was seen in the prostate adenocarcinoma tissue. Further mRNA analysis was 

carried out concluding the same outcomes as what was seen initially in the protein 

analysis. In conclusion the findings showed that the COX-2 expression had great effects 

on the regulation and proliferation of prostate carcinoma cells. The study by Yoshimura 

et al. ties in with work carried out by Kirchenbaum et al. both concluding increased 

COX-2 expressions in prostate carcinoma tissue with an effect on the cellular regulation 

and proliferation of prostate carcinoma cells (98,107). Although both studies are 

initially promising, there are limitations present in both studies regarding low sample 

size and patient count and lack of patient details regarding the patients current age, race, 

prescribed medication and stage of the cancer.     

Another study backing the evidence behind the COX-2 expression in prostate 

carcinoma tissue was undertaken by Madaan et al., the results showed a positivity for 

COX-2 expressions in 72.1 % of PIN tissue and 44.7 % of prostate carcinoma tissue 

(108). It was seen than there was an overexpression of COX-2 within prostate 

carcinoma and PIN tissue compared to that of BPH.  

A study carried out by Tjandrawinata and Dahiva et al. which look at the cellular 

downstream consequence of arachidonic acid metabolism specifically the effect of 

PGE2 on cellular proliferation and COX-2 regulation (109). It was found that adding 

dimethyl prostaglandin E2 to the human prostate cell lines PC-3 and LNCaP increased 

cellular proliferation, DNA content and endogenous PGE2. With the PC-3 cells, it was 

also found that the regulation of the COX-2 mRNA levels was both time and dose 

dependent with the greatest stimulation seen at 2 hours and 5 µg ml–1. Tjandrawinata 

and Dahiva et al. hypothesise that PGE2 has a significant effect on cellular growth, with 
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the activation of the COX-2 expression depending predominantly on newly synthesised 

PGE2. This study does not only give insight to the potential of blocking the AA cascade 

via suppressing the COX-2 activity but also highlights that the metabolite PGE2 could 

play a key role in preventing the proliferation and development of prostate cancer.  

An investigation carried out by Zha et al. used the prostate cell lines LNCaP, PC-3 and 

DU145 and TSU to investigate the COX-2 expression in protein and mRNA in the 

prostate as well as tumour samples taken fresh from radical prostatectomy (110). All 

the cell lines were found to have an undetectable COX-2 protein expression under basal 

conditions and when induced by a phorbol ester treatment expressed COX-2 protein 

expressions in the PC-3 and TSU cell lines with undetectable expressions again in the 

DU145 and LNCaP cell lines. Immunohistochemically analysis was carried out on 144 

human prostate carcinoma samples with the findings showing that no consistent pattern 

emerged when looking for the overexpression of COX-2 proteins in prostate carcinoma 

tissue compared to that of healthy prostate tissue. This finding contradicts most 

publications regarding COX-2 expression in prostate carcinoma tissues.   

To further support the contradicting study of Zha et al. is the work carried out by 

Subbarayan et al. where normal prostate cells (epithelial, smooth muscle and stromal) 

were compared to the prostate cancer cell lines PC-3, LNCaP and DU145 investigating 

the expression levels and sub-cellular distribution of COX-1 and COX-2 (111). The 

results highlighted high levels of basal protein and mRNA COX-2 levels within the 

normal prostate epithelial cells but low levels in the prostate cancer cell lines PC-3, 

DU145, LNCaP and the normal prostate cell types smooth muscle and stromal. The 

hypothesis was proposed that the COX-1 and COX-2 gene expression was increased as 

a response to the tumour necrosis factor-α (TNF-α) which is said to be a potent inducer 
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of the COX-2 expression. Using northern blot analysis (NBA) and reverse transcription-

PCR identified differing kinetics between the two COX isoforms in normal and 

cancerous prostate cells in response to TNF-α. In normal cells, it was seen that the COX-

2 expression increased with a much-organized sub-cellular distribution establishing a 

perinuclear ring after roughly 4-hour exposure to TNF-α. There was a subtle change in 

the cancerous cells, with the COX-2 expression indicated to be elevated which a 

significantly reduced sub-cellular structured distribution. The diffusion of COX-2 

protein was also seen in cancerous cells to specific regions of other cancerous cells 

cytoplasm. This study suggests that the COX-2 expression is not shown in cancerous 

tissue with the expression only elevated within endothelial cells which contrasts most 

literature reinforcing the work carried out by Zha et al.    

Work carried out by Sung et al. suggested that COX-1 was universally expressed in all 

epithelial cancer cell lines derived from human colon, lung, breast and prostate 

carcinoma (DU145, LNCaP and PC-3) whereas COX-2 expression was varied between 

cell lines showing negative expressions in the LNCaP and PC-3 cell lines and a positive 

expression in the DU145 cell line, both enzymes were expressed in main cancer 

histology’s (112). This indicates that COX-2 expressions are not present in all 

cancerous cell lines. Overall there are strong opposing arguments regarding the 

expression of COX-2 in cancerous cells which highlights that there is little understood 

regarding the action of COX-2 in the development of cancer itself and its potential as a 

therapeutic target. There are conflicting arguments within the field that require 

elucidation and further investigation.  
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1.7.1 Celecoxib as an Inhibitor for the COX-2 Pathway  

 

Celecoxib is an extremely selective reversible inhibitor of the COX-2 enzyme, 

impeding the AA to PG metabolism (113). Celecoxib is a readily prescribed 

nonsteroidal anti-inflammatory drug (NSAID) to treat a range of conditions such as pain 

relief in arthritis in clinical practice (114). Non-selective NSAIDs such as aspirin inhibit 

both COX-1 and COX-2 activity, as mentioned previously COX-1 is vital in many 

fundamental cellular processes compared to COX-2 which is predominantly found in 

incidents of tissue inflammation (114). With celecoxib an inhibitor selective to only 

COX-2, it provides the increased benefit when administered by not interfering with the 

common “housekeeping” tasks COX-1 needs to perform, whilst minimising 

inflammation and prevent such side effects gastrointestinal drug reactions (stomach 

ulcers) (115).  There has been much speculation to whether celecoxib should be used in 

the clinical treatment of prostate cancer with literature showing some insight that 

celecoxib has the potential to influence the COX-2 pathway in AA metabolism.  

An investigation carried out by Patel et al. aimed to identify whether celecoxib 

possesses anti-tumor properties (116). The human prostate cell lines PC-3 and LNCaP 

were used and subjected to a clinically achievable dose at 2.5 – 5 µmol L–1 throughout 

a 31-day course. The drug treated cells were compared against a control set treated with 

dimethyl sulfoxide (DMSO) only. COX-1 but not COX-2 was seen in both cell lines 

treated with celecoxib. It was suggested that celecoxib inhibited the cell growth of the 

PC-3 and LNCaP cell lines, blocking the G1 cell cycle reducing DNA synthesis. A 

follow up experiment was carried out using PC-3 xenografts. The celecoxib had a dose 

dependent effect on the PC-3 xenografts with respect to tumor volume and there was 
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no effect on intratumor PGE2. The highest dose yielded the greatest tumor volume 

reduction of 52% also reducing cellular proliferation and MVD by 50%.  

1.8 The Role of Adipocytes in Tumour Metastasis to the Bone  

Once the tumour has invaded the bone, treatment becomes very limited and directed 

towards palliative care. Many different models have been studied over the years to show 

a prostate cancer cells migratory potential within the bone marrow stroma (BMS). 

Brown et al. carried out a particularly interesting study highlighting the importance of 

lipids in the mechanism of BMS invasion of the prostate cancer cells (117). Adipocytes 

are specialised cells which stores and produces fatty acids and triacylglycerides (118) 

as well as the mobilisation of fatty acids through lipolysis (119) which is a response to 

the energy metabolism of hormones, cytokines and many other factors (120). Brown et 

al. showed that when adipocyte formation was not stimulated in BMS grown in the 

absence of hydrocortisone there were dramatically reduced levels of BMS invasion. 

There is elevated excitement and interest over the mechanism and metabolism of the 

molecular species present within the adipocytes and how this influences the 

development and progression of prostate cancer. The interaction between the adipocyte 

and the prostate cancer cell is a key piece of information regarding the metastasis of 

prostate cancer. Tokuda et al. showed that when PC-3 cells were co-cultured with 

adipocytes both the proliferative rate increased and the differential growth pattern was 

altered (121). Oil Red O staining was used to show up neutral lipids, and the findings 

showed an elevated level of lipid droplets within the PC-3 cells cytoplasm showing an 

uptake of lipids from the adipocytes compared to a standard monoculture control of PC-

3 cells.   
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1.9 Cell Cycle  

The cell cycle is the mechanism by which cells divide and duplicate themselves to form 

genetically identical doubles. There are a number of checkpoints within the cell cycle 

by which the cell checks if the mechanism has been followed correctly, if the process 

has been incorrectly followed the checkpoint triggers apoptosis (122).  

The process begins after the nuclear division of the previous cycle, the initial stage is 

termed G1, whereby the cell readies itself for the beginning of DNA synthesis. The 

second stage of the of the cell cycle is the S-phase, where the cell undergoes DNA 

synthesis.  The third stage of the cycle is the G2 phase, this is the gap between DNA 

replication and nuclear division.  Once the G2 phase has finished, mitosis begins, which 

is the starting point of the cell division, whereby chromosomes in the nucleus are 

separate followed by the final stage of mitosis cytokinesis. This is where the cell splits 

into two daughter cells by cytoplasmic cleavage. After the cell has physically divided 

into two, the stage G0 commences, where the cell is in growth arrest until signalled to 

commence the G1 Phase once again.  During the G1 stage, there is a checkpoint which 

is a restriction point R, by which once the cell reaches this point in the cell cycle, the 

cell is fully committed in undergoing DNA synthesis. The R restriction point is found 

to be bypassed in malignant cells continuing the cell cycle allowing incorrect copies of 

cells to be permitted (122). The overall cell cycle is depicted in Figure 4. 
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Figure 4 – Flow diagram of the cell cycle 

 

1.10 Aims of Study 

An evaluation has been presented on the current treatment options for prostate cancer 

in the United Kingdom. The treatment options are limited once prostate cancer has 

invaded and broken away from the localised prostate. The NHS currently takes a 

watchful approach if possible; meaning treatment is carried out only when the disease 

is worsening based on misleading PSA tests, biopsies and scans. There is a therapeutic 

need to assess the biochemical processes and changes the disease undertakes when it 

begins its metastatic journey. Currently, the metastatic chemical process is unclear in 

the progression of the disease. If the potential or potency of the invasiveness or prostate 

cancer can be limited or suppressed then the time taken for prostate cancer to 

metastasise will increase, hence making the watchful approach more effective as there 

will be smaller changes in disease progression which can be monitored incrementally 

over time. Patients with the disease will in turn have a sustained quality of life for a 

longer period of time, albeit limited to the stage in which the disease is detected.  
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There are clear geographical trends in prostate cancer incidence and mortality and 

westernised diets. There is an interest surrounding the role of AA in the progression of 

prostate cancer. The application of FT-IRM to biochemical metabolic processes has 

rarely been used, with little literature surrounding the use of FT-IRM on single cell 

analysis of prostate cancer.  The first aim of the research is: 

• To investigate the initial chemical effects of AA on invasive and non-invasive cell lines 

and determine whether FT-IRM is a sensitive enough tool in the biochemical evaluation 

of lipid metabolism.    

The role of the COX-2 enzyme in prostate cancer progression is unclear, with the role 

controversial in literature. Many studies are suggestive that COX-2 plays a role in the 

progression of the disease. Although there are studies implying COX-2 has no effect on 

tumour progression. The second aim of this study is: 

• To determine the chemical effect COX-2 has on AA uptake, metabolism and 

invasiveness by using the specific COX-2 inhibitor NS398. 

The global lipid chemistry requires specificity. The tracking of AA requires unique 

vibrational signatures. Applying a deuterated tag could potentially provide a specific 

vibration around the C-D stretch. The omega-3 fatty acid DHA is known to have anti-

inflammatory properties. The cellular uptake mechanisms for DHA and AA are similar. 

There is molecular competition between DHA and AA for the COX-2 enzyme. The 

third and fourth aims of this study are to: 

• To investigate the cellular uptake of AA and COX-2 inhibition using a deuterated label 

• To compare the COX-2 inhibitor NS398 to a competitive uptake mechanism using DHA 
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There a few FT-IRM studies carried out at high magnification with a pixel size of 0.7 x 

0.7 μm. A limitation to using high magnification is the low signal to noise ratio, making 

the identification of specific spectral features problematic. There is a need to identify 

the cellular lipid distribution. Nile-red is a fluorescent dye used to identify cellular 

lipids. The cellular motility is an essential feature for the invasion and metastatic 

process. The arrangement of highly proteinous actin filaments play a critical role in 

cellular motility and therefore invasion. The final aims of this study are to: 

• To determine whether lipid distributions and cellular structure can be seen using high 

magnification FT-IR 

• To use FM as a complementary technique to the FT-IRM chemical images to track lipid 

uptake and metabolism 

• To investigate the protein structure in motile invasive prostate cancer cells through FT-

IRM high magnification chemical imaging 
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2.1 Fundamental Culture Concepts  

Within a cell, there are macromolecules such as phospholipids and proteins which bind 

to water molecules, these water molecules exist mainly in the cell cytosol, contributing 

to the cell’s signalling, functionality and structure (1). Therefore, the removal or input 

of water to a cell will alter the biochemical functionality of a cell, in turn placing great 

importance to the culturing and experimental technique when analysing biochemical 

cellular behaviour. There are contradicting arguments within literature regarding the 

best experimental culturing techniques, making it paramount to gain an understanding 

and establish the most suitable culturing procedure.  

A classic protocol directly cultures the cells onto the FT-IRM substrate within the 

medium, eventually removing the culture medium and leaving the substrates to air dry 

(2,3). A large proportion of literature suggests that the air-drying process causes 

noticeable delocalisation of biological molecules (4). This effect is said to be due to the 

large surface tension created from the air-water interface. Other members of the 

research community have used techniques such as cytospinning, whereby the cells are 

removed from the culture medium and centrifuged to concentrate low cell populations 

onto the substrate (5,6). This technique is well used in the field, but its harshness is not 

suitable to analyse subtle mechanistic biochemical changes. With a large degree of cells 

rupturing when spun onto the substrate, changing the cells native biochemical structure 

and distribution. Another technique which is used for cell drying is with nitrogen gas 

(7). This is said to reduce oxidative and surface tension effects although is usually 

associated with snap freezing (8). Another potential drying technique involves drying 

the sample with a centrifuge, usually requiring the substrate to be placed on tissue paper 

within a centrifuge tube, followed by centrifugation, resulting in rapid removal of the 
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liquid film above the cell monolayer, reducing surface tension effects (9). This 

technique comes with drawbacks of high-energy consumption and centrifuge parts are 

prone to mechanical wear requiring maintenance frequently (10).  

The osmotic potential between the cell and its environment also needs consideration 

when choosing the culture medium. A change in osmotic potential can result in cell 

rupturing from swelling or shrinking (1). Another important point is that once the cell 

is dry or is drying, adequate quenching needs to be implemented as the drying process 

can commence autolytic progressions within the cell, with enzymes potentially 

degrading important macromolecule metabolites (11) fundamental to the study 

attempting to elucidate mechanistic features of the mesenchymal to amoeboid structural 

phenotype of PC-3 cells. A way to solve quenching issues and the autolysis of the cell, 

fixation is pivotal.  

2.1.1 Cell Fixation  

Fixation is an essential step in preserving the biochemical characteristics of a cell. Gazi 

et al. studied three suitable fixation processes for cultured substrates FT-IR analysis (4). 

The study aimed to give clear differentiation between three fixative methods. First of 

which placed the sample in 4% formalin in phosphate buffer solution (PBS) for 20 

minutes, then rinsed in double deionised water for 3 seconds and air dried. The water 

rinse step proved a critical step in the fixation, removing the residual PBS from the cell 

surface, allowing greater differentiation of the nuclear and cytoplasmic compartments, 

as well as reducing Mie Scattering. FT-IR spectroscopic analysis was carried out on the 

effect of formalin on the cell spectra where a neat formalin spectrum was subtracted 

from the cell spectra and minimal intensity difference was seen in the region of 1100 
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cm–1 to 3000 cm–1. The second method entailed fixing the cells with formalin as 

mentioned above but critical point dried (CPD). The CPD procedure initially increased 

the ethanol concentration within the cell environment to gradually displace the 

intracellular water. The ethanol is further displaced by acetone (miscible with liquid 

CO2), the acetone within the cell been finally displaced by liquid CO2 within a sealed 

chamber. This chamber is heated, an increase in pressure causing the CO2 to evaporate. 

At a given temperature and pressure, the density of the vapour equals that of the liquid 

water phase reducing the water-vapour film almost eliminating the surface tension 

effect.  As alcohol is used for this method, it would not be suitable for use in a lipidomic 

study as lipid leaching reagents (ethanol and acetone) decrease the intensity in the lipid 

ester νs(C=O) band in FT-IR analysis.  The third fixation method involved using 

glutaraldehyde and osmium tetroxide as a replacement for formalin followed by CPD. 

The aldehyde group reacts with cellular proteins to form irreversible imines, followed 

by the post fixation using osmium tetroxide, which forms irreversible cyclic esters 

preserving unsaturated lipids. This technique would not be suitable for the analysis of 

lipids in the mesenchymal to amoeboid phenotype transition as this technique distorts 

the lipid ester νs(C=O) band and reduces the intensity between 1000-1500 cm-1 (4).  

Another study carried out by Gazi et al. directly relates to the study of interest (12). Fat 

storage adipocyte cells were chemical fixed and examined using synchrotron radiation 

FT-IR spectroscopy. A 20-minute fixation using 4% formalin in PBS followed by a 

double deionized water wash and then left to air drying was used in this analysis. It was 

said that the fixation process was appropriate for fixing a PC-3 cell line but there was 

an effect on the lipid arrangement within the adipocyte. A number of disadvantages 

were highlighted by using this fixation process. Firstly, the PBS contains 1% methanol, 
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which in turn permeates the cell membrane albeit allowing faster fixation, but the 

methanol extracts extracellular lipids. Secondly, the air-drying creates surface tension 

effects. The fixation process is seen to decrease the symmetric and anti-symmetric 

vibrational modes of the CH2 and CH3 modes which would be expected with the 1% 

methanol present in the PBS. From studies made from Gazi et al. and other literature in 

the field, a flow mechanism has been created to best highlight the options of fixation 

and drying, seen in Figure 5. It must be noted that, to date, no ideal fixative has been 

discovered, meaning the choice is a trade-off between preserving morphology and 

maintaining chemical composition (13). 
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Figure 5 - Cell culturing methods decision diagram 

 

2.1.2 Formalin Fixation Chemical Mechanisms  

By examining the literature, formalin fixation appears to be the best fixation method for 

this study. Formalin fixation preserves the proteins, carbohydrates and any bio-active 

species, maintaining the spatial distribution of species within the cell (14), meaning the 

process is critical in examining molecular distributions through FT-IRM.  In aqueous 

solution, formalin is hydrated to methylene glycol (15). Formalin simply acts as a 
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protein coagulative as a consequence of forming cross-links in the primary and 

secondary amine groups of proteins (16). 

2.1.2.1 The Reaction of Formalin 

Formalin is a reactive electrophile which initially reacts with proteins to form a link, 

shown in reaction 1.  

 

Reaction 1 

 

  

 

 

The second reactive stage involves the cross linking of a protein by a CH2 species 

through a condensation reaction, known as a methylene bridge (17). It must be noted 

that other functional groups can be involved in the methylene bridge such as amides 

and tyrosine carbon rings (18). The example reaction can be seen in reaction 2 below. 

Protein − NH
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+ ⇌ Protein − N 

CH
2
OH 
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H2C = O 
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Reaction 2 

 

 

 

 

 

 

 

 

There are a number of factors which influence the effectiveness of formalin fixation. 

Assuming that the concentration gradient is fixed, then diffusion of formalin can be 

described through Fick’s first law of diffusion shown in equation 1. 

𝐽𝑖 =
𝐷𝐶𝑖𝜕𝑢𝑖

𝑅𝑇𝜕𝑥
                                                      Equation 1 

 

Where Ji is the diffusion flux (mol m–2 s–1), D is the diffusion coefficient (m2 s–1), C is 

the concentration (mol m–3), R is the universal gas constant (J K–1), T is absolute 

temperature (K), μi is the chemical potential (J mol–1) and x is the length (m). 

The diffusion coefficient is also a function of temperature, as described in equation 2. 
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𝐷 = 𝐾𝐵𝑇𝛾                                           Equation 2 

where KB is the Boltzmann’s constant (J K–1) and 𝛾 is the terminal drift velocity 

 (m2 S–1 J–1). 

It can be seen that temperature directly influences the diffusion flux and the diffusion 

coefficient. Concentration directly influences the diffusion flux meaning an increase in 

formalin concentration results in an increase in formalin effectiveness, although this is 

very limited by the degradation of cellular content with high concentrations. Formalin 

fixation is also time dependant; the longer the fixation, the more effective the fixation, 

while left too long, sample degradation can also occur.   

There are other factors which influence the effectiveness such as pressure and depth of 

penetration, but because single cells are analysed and the room pressure changes are 

insignificant these will not be discussed.  

 

2.1.3 Cell Confluency 

Cell confluency is problematic when culturing cells. The confluency rate is very 

difficult to control shown by Gasper and Goormaghtigh, when planning for an 

experiment, a level of sub-confluency is desired, due to the cells confluency increasing 

during an experiment (19). It is critical to keep similar cell coverages on substrates as 

biochemical changes occur with increased confluency. Once the cells become close to 

one another (greater level of confluency), cell signalling occurs changing the 

biochemical structure and distribution, altering the way PC-3 cells behave (20). Gasper 

and Goormaghtigh studied the effect of confluency rate on FT-IR spectrum, and 
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generally found that the greater the confluency, the greater the intensity of the FT-IR 

spectrum (19). It was also found that when a higher level of confluency was reached, 

significant shape changes of the FT-IR spectra occurred, quite possibly a result of 

biochemical modifications from the high confluency. The study showed spectral 

modifications to 950 cm–1 – 1200 cm–1 (region associated with nucleic acid vibrations), 

which could be down to DNA structure modifications at confluency above 80%. 

Additionally, there were clear modifications to the phospholipid carbonyl vibration at 

1740 cm–1. 

2.1.4 Cyclodextrin 

Cyclodextrins are cyclic oligosaccharides produced by enzymatic reactions from starch. 

The geometric properties of native cyclodextrins can be categorised into two groups, 

crystalline and aqueous solution (21).  In the crystalline topology, either channel or cage 

types can exist. The cage or channel size is determined by several properties such as: 

molar mass, concentration and host to guest molecular ratio (22). The family of 

cyclodextrins can be subcategorised into α, β or γ – cyclodextrins, with 6, 7 and 8 sugar 

(glucose monomers) groups respectively, where γ – cyclodextrin are commonly used to 

solubilise drugs for delivery (23). The typical structure of cyclodextrins can be seen in 

Figure 6. 

Cyclodextrin proves to be a very good biological solvent mainly due its low cost and 

toxicity (24). Arachidonic acid (AA) is a solid and requires a solvent acting as a vehicle 

to transport the AA into the PC-3 cell. The chemical properties (methyl and ethyl 

groups, long apolar chains and ester groups) make cyclodextrin a very good solvent as 

these chemical features are favourable for cyclodextrin and AA to form a guest: host 
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complex (25). The sugar encapsulation of AA by cyclodextrin relies on a successful 

docking of AA within the cyclodextrin structure to form interactions and hold the AA 

in place, forming a sugar cage around the AA (25). The transport of AA by sugar 

encapsulation is similar to the transport process in the body (25), providing a realistic 

transport mechanism into the cell allowing a more native evaluation of fatty acid uptake 

mechanisms.  

 

 

Figure 6 – α, β, γ – Cyclodextrin structures (26) 

2.2 Cell lines 

 

2.2.1 PC-3  

Kaighn et al. established the cell line PC-3 from a human prostatic adenocarcinoma 

metastatic to the bone from a 62-year-old white Caucasian male. (27). PC-3 cells have 

a high tumorigenicity compared to DU145 cells with even greater tumorigenicity 

difference seen with LNCaP cell lines (28), the metastatic potentials are High, moderate 

and low respectively. PC-3 cells are androgen insensitive (28).  
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2.2.2 PC-3M 

The cell line PC-3M, a sub-line of the cell line PC-3 was isolated from a PC-3 induced 

mouse tumour (29). Pettaway et al. showed the potential of PC-3M prostate 

carcinoma cell lines when a very high tumorigenicity model is required (30). 

2.2.3 LNCaP 

Horoszewicz et al. developed the cell line LNCaP by harvesting human prostate 

adenocarcinoma cells metastasised to the left supraclavicular lymph nodes from a 50-

year-old white Caucasian male (31). It must be noted these cell lines are androgen 

sensitive. 

2.2.4 LNCaP C4-2 

Wu et al. produced the LNCaP subline LNCaP C4-2 by co-injecting the human cell 

lines LNCaP and a bone stromal cell line into an adult male mouse (32). The carcinomas 

produced had a clinical significance; they secreted prostate specific androgen (PSA), a 

clinical biomarker used for prostate cancer detection and management. When tumour 

cells interacted with the bone fibroblasts, a switch from androgen dependant to 

independent was observed in castrated mice. This cell lines are androgen insensitive.   

2.2.5 LNCaP C4-2B 

Thalmann et al. generated a bone metastatic subline by orthotopic injection of LNCaP 

C4-2 cell lines into castrated male mice (33). A primary tumour of the prostate was 

formed along with lymph node and bone metastasis, the cells that metastasised to the 

bone was isolated and harvested which resulted in the cell line LNCaP C4-2B. This cell 

line is androgen insensitive.  
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2.2.6 DU145 

The cell line DU145 was harvested from a 69-year-old Caucasian male derived from a 

brain metastasis by Mickey et al. DU145 has a moderate tumorigenicity and 

metastatic potential and are also androgen sensitive (34). 

2.2.7 PNT2 

The Cell line PNT2 was obtained from the prostate of a 33-year-old white Caucasian 

male. The cell lines are non-tumorigenic in nude mice (35). 

2.3 Fourier Transform Infrared (FT-IR) Spectroscopy  

FT-IR spectroscopy is a highly versatile technique used in many applications of 

research. As an overview, FT-IR spectroscopy is the study of electromagnetic radiation 

in the IR and matter where photons interact with molecules resulting in an energy 

transfer to or from the molecule (vibrational excitation or de-excitation). These are 

considered to be discrete energy transfers which relate to vibrational quanta, and the 

analysis of these different energies can be exploited to determine the structure and 

functional groups of species of interest.  

2.3.1 Electromagnetic Radiation (EMR) 

EMR can be characterised as a simple harmonic wave propagating in a straight line free. 

Within the EMR there are two undulatory fields which are orthogonal to one another, 

both interacting with matter giving rise to a spectrum; these are electric and magnetic 

fields. A wave can be characterised by a number of different parameters, initially it is 

important to understand the term “frequency” (v) which is defined as the number of 

oscillations a wave undergoes in 1 second, with the units coinciding with per second    

(s-1) and the SI unit Hertz (Hz). Another property of the wave is the “wavelength” (λ), 
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defined as the distance a wave travels undergoing one full oscillation. The two 

parameters together give rise to the fundamental equation: 

𝑐 = 𝑣𝜆                                                 Equation 3 

where c is the speed of light. Another way a wave can be characterised is through 

“wavenumber” (�̅�), defined as the reciprocal of the wave length. By subbing the 

reciprocal of the wave number in for wave length, the relationship between frequency 

and wave number is considered to be proportional, as described in equation 4:  

𝑣 = 𝑐�̅�                                               Equation 4 

2.3.2 Quantization of Energy 

A given molecule in a given space can have numerous different energy levels. The 

existence in different discrete energy levels is defined as “quantisation of energy”. A 

discrete change in energy therefore results in a change in energy level (a change in 

quantum number). Energy level transitions can take place when there is an input or 

output of energy to or from a given molecule, resulting in excitation or de-excitation 

respectively. Early work done by Planck determined that the absorbed or desorbed 

energy can be in the form of EM radiation, leading to the fundamental energy difference 

between two energy levels in equation 5: 

∆𝐸 = 𝐸2 − 𝐸1                                    Equation 5 

The energy difference (∆𝐸) between the energy at the state of greater excitation (E2) 

and lower energy level (E1) gives rise to the frequency of the radiation through the 

deduced equation 6: 

∆𝐸 = ℎ𝑣                                       Equation 6 
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This Equation in spectroscopy is fundamental in the production of an absorbance 

spectrum. If a beam of monochromatic EMR hits a given molecule at an energy level 

E1, energy will be absorbed by the given molecule and its energy level will jump to E2. 

The absorbance of the monochromatic EMR by the molecule will result in a decreased 

intensity beam after the interaction with the molecule has taken place seen by the 

detector. The same can be done for a polychromatic beam containing several 

frequencies, the beam interacts with the given molecule and the decreased intensity 

beam will hit the detector, with the detector only showing the energy absorbed from a 

given frequency, the other frequencies remaining undiminished in intensity. This 

method produces an absorbance spectrum across the frequencies of EM radiation. It can 

be said the reverse is true with an energy change from E2 to E1 with an emission of 

energy, which produces an emission spectrum.  

2.3.3 Infrared Radiation  

When using IR EMR, it is important to know that the frequencies in the EM spectrum 

from IR radiation only induce a change in configuration of the molecule (vibration). 

The IR region in the EM spectrum is considered to have a wave number from 100 to 

104 cm–1 with a frequency of 3x1012 to 3x1014 Hz. As the interaction of IR EMR with 

molecules induces a vibrational structural configuration, there must be a change in 

dipole. Initially looking solely at symmetric stretches, a molecule will not have a change 

in dipole (zero dipole moment) as the molecule remains in a symmetrical transition, 

therefore this molecule is known to be “infrared in-active”. Looking at an anti-

symmetric stretch, the molecule has an uneven distribution of electrons as one bond 

shortens as the other extends, resulting in a periodical change in dipole moment, 

meaning the molecule is “infrared active”. There is another vibration of interest when 
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studying FT-IR spectroscopy, known as a bending vibration. This vibration can also be 

seen in carbon dioxide, with the oxygen atoms in the carbon dioxide moving in the y-

axis around the central carbon atom, rather than with the symmetric or anti-symmetric 

stretches moving solely in the x-axis changing bond length. In the bending vibration, 

the bond lengths do not change, just the position on the oxygen atoms around the central 

carbon, this in turn results in another periodical dipole moment which produces an 

infrared active molecule.  

Looking at any diatomic molecule, there will be a number of repulsive and attractive 

forces from the two atoms forming the molecule. There will be repulsive forces from 

the same electronically charged species such as electrons or protons, but there will be 

attractive forces between oppositely charged electronic species between electrons and 

protons. The molecule aims to minimise the force so the two atoms are at a distance 

(internuclear) where the attractive and repulsive forces are balanced, usually defined as 

the equilibrium bond length. If the distance between the atoms changes from the 

equilibrium bond length, then there is an imbalance in forces between the two atoms 

and one force will dominate. To do this, there needs to be an input of energy to 

overcome one of the forces. If the atoms get too close together, repulsive forces will 

dominate and rise almost exponentially, if the atoms are brought apart, then the 

repulsive forces reduce but the attractive forces become weaker with distance.  

2.3.4 Vibrations of Molecules 

A molecule is looked at in terms of Cartesian co-ordinates, with 3 main body axes 

describing the atoms position. A molecule with N atoms therefore has 3N co-ordinate 

values and therefore 3N degrees of freedom as once the positions are fixed, so are bond 
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lengths and angles. For non-linear molecules, translational movements of a molecule 

require 3 co-ordinates to describe its shape and position. The same goes for the 

rotational movements of a molecule requiring a total of 6 co-ordinate positions to 

describe both translational and rotational movements, leading to 3N – 6 degrees of 

freedom and fundamental vibrations. Describing a linear molecule is slightly different, 

as there cannot be any rotation about a bond axis consequently requiring 2 co-ordinates 

to describe the rotational movements for a linear molecule, leaving 3N – 5 degrees of 

freedom and fundamental vibrations.  

 Looking at the rotations and vibrations of a water molecule, there are 3N – 6 

fundamental vibrations and degrees of freedom, with N = 3 as the molecule is triatomic. 

The change in molecular shape is described by either bending or stretching. It is also 

important to think of the molecular symmetry within the molecule, and each bending or 

stretching mode can be either symmetric or antisymmetric. Symmetry about an axis is 

described by the symmetric or asymmetric movements around a particular axis. For a 

water molecule there is only one rotational symmetric axis, through the centre of the 

molecule bisecting the two O-H bonds equally spaced. This axis is termed the C2 axis, 

as the molecule appears identical twice on a full 360o rotation. The bending and 

stretches can therefore be parallel or perpendicular to this axis. For a water molecule, 

there is a symmetric stretch at 3651.7 cm-1 (parallel) and this particular vibration is 

labelled v1. There is also a symmetric bend (parallel) at 1595.0 cm-1 labelled v2 and 

finally an antisymmetric stretch (perpendicular) at 3755.8 cm-1 labelled v3.  The 

labelling is in terms of their decreasing frequency and symmetry type.  
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2.3.5 Molecular Vibrations  

2.3.5.1 Skeletal Vibrations 

Skeletal vibrations are a result of linear or branched chained structures within a 

molecule. Each of these structures result in several modes of vibration resulting in 

several infrared absorption bands. A change in a linear or branched structure changes 

the absorption band assignment. The region in which skeletal vibrations occur is defined 

as the “fingerprint region”, where the molecule or structure of the molecule can usually 

be defined alone by absorption bands in this region (700 – 1400 cm–1). 

2.3.5.2 Group Frequencies  

Group frequencies are almost always independent of the molecule as a whole in contrast 

to skeletal vibrations.  These vibrations are found well above and below that of skeletal 

vibrations. Atoms which are light in terminal groups are found to have high frequency 

with heavier atoms having a lower frequency (36). 

2.3.6 Biological structural information Using FT-IR  

Many biological structures and composition can be analysed in the mid IR region 

making FT-IR a very useful tool in obtaining biochemical information (37).  

Protein structures have 4 prominent spectral features, the amide I band in the region of 

1600 cm–1 – 1700 cm–1, the amide II band in the range 1500 cm–1 – 1560 cm–1, the amide 

A band in the region 3450 cm–1 – 3550 cm–1 and the amide III band in the range 1200 

cm–1 – 1350 cm–1 (37). The amide I band contains contributions from the C=O stretching 

vibration of the amide group (~80%), a smaller contribution from the C-N stretching 

(~10%) and N-H bending (~10%).  The amide II band having contributions from N-H 

bending (~60%) and C-N stretching (~40%). The amide A band mainly arises from N-
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H stretching (~95%). The amide III band is very complex and arises from various co-

ordinate displacements. The amide I and II peaks are sensitive to secondary protein 

structure. A broadened amide I and II peak can occur as a result of different protein 

conformations. Different protein conformations have different band assignments. These 

band assignments can overlap, creating a broadened amide I or II peak (37).   

 FT-IR can also identify dominant absorption features of lipid bands in the range 2800 

cm–1 -3000 cm–1. Lipids give rise to asymmetric and symmetric C-H stretching 

vibrations of CH3 (2956 cm–1 and 2874 cm–1) and asymmetric and symmetric C-H 

stretching vibrations of CH2 (2922 cm–1 and 2852 cm–1). A strong band also is evident 

in lipid structures as a result of the 1736 cm–1 arises from the ester C=O groups in lipids.  

There are major band assignments associated with the antisymmetric and symmetric 

stretching vibration at 1224 and 1087 cm-1 respectively of PO2
–  (37). 

2.4 FT-IR Instrumentation 

2.4.1 Michelson Interferometer  

A key feature to a modern FT-IR spectrometer is the Michelson interferometer. 

Whereas previously wavelengths of light had to be measured individually through a 

grating and a slit on a dispersive instrument (36), the Michelson interferometer allows 

the detection of polychromatic IR radiation, meaning all wavelengths of light are 

measured at the same time, providing a multiplex advantage on sample acquisition 

speed. The Michaelson interferometer also offers a throughput advantage compared to 

the dispersive instrument (36). The slit on the dispersive instrument severely limits the 

amount of energy reaching the sample compared to a Michelson interferometer, 
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meaning the Michelson interferometer has a better signal to noise ratio and the ability 

to measure high resolution spectra.  

The Michelson interferometer works by combining many frequencies of radiation 

emitted from the source. A beam splitter placed directly in the radiations path splits the 

sources IR radiation and directs half the radiation towards the stationary mirror and half 

the light to the moving mirror. The light is reflected off the moving and stationary 

mirrors, finally recombining the radiation, directing through the sample and to the 

detector. When the moving mirror path difference is equal to the stationary mirror, there 

is constructive interference for all wavelengths of radiation known as the zero-path 

difference (ZPD). When a path difference is introduced my moving the mirror, there 

are different degrees of constructive and destructive interference. The interference 

pattern created for the combined radiation as a function of the moving mirror is called 

an interferogram. This interferogram can be thought of as a coded representation of all 

frequencies of light emitted from the source. The beam of varying constructive and 

destructive interference patterns where each wavelength is passed through the sample, 

specific wavelengths of light are absorbed and appear as lost frequencies at the detector. 

From this, the combined intensities are subjected to a Fourier transform, finally 

producing an absorbance spectrum of absorbance vs frequency. The Michaelson 

interferometer can be seen in Figure 7.  
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2.5 FT-IR Microscopy 

FT-IR spectroscopy is very sensitive and can produce a full spectrum over a large range 

of frequencies in a short amount of time, which makes FT-IR spectroscopy a great tool 

for analysing biological samples. Biological samples such as cells, are too small to see 

with the human eye, so to focus the beam on the correct area of the sample is difficult. 

The cultured cells on the substrate are not always homogenous, with altering degrees of 

confluency. This ultimately leads to spectral variations depending on the degree of 

confluency. The use of an optical light microscope coupled with FT-IR spectroscopy 

allows the user to see where the beam is aiming, adding the advantage of the analysis 

been target specific.  

Movable Mirror 

Source 

Sample Detector 

Stationary 

 Mirror 

Beam  

Splitter 

Figure 7 – Schematic diagram of the FT-IR Michelson interferometer 
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2.5.1 Signal to Noise Ratio  

Electronic amplification is used to increase and magnify the signal generated by the 

detector. Each signal produced will contain random fluctuations resulting from 

unauthentic electronic signals produced by the amplifier, detector, source or any 

electronic equipment involved in the data collection process. These unexpected 

fluctuations are generally called noise. Spectral peaks need to be distinguished from 

noise, therefore the peak intensity must be substantially larger than the noise intensity. 

The ratio between the real spectral peak intensity and the noise intensity is defined by 

“signal to noise ratio”. 

2.5.2 The Use of FT-IR Microscopy in Monitoring Lipid Uptake and 

Metabolism in Prostate Cancer  

The literature surrounding arachidonic acid and lipid uptake in prostate cancer cell lines 

is very limited due to the difficulty of the technique and the sensitivity to track 

molecules through the global cellular chemistry.  

Brown et al. (2006) used reflection FT-IR to assess the lipid uptake of prostate cancer 

epithelial cells in bone marrow (38). By using the area under the CH2 and CH3 stretches, 

fatty acid uptake was highlighted in prostate epithelial cells and pools of fatty acid 

within the bone marrow were isolated. The images displayed were poorly defined, 

probably as a result of the spectral parameters used at 8 cm–1 spectral resolution and 60 

scans. No spectra were shown throughout the study, so speculation can only be drawn 

as to why the poorly defined chemical image was displayed. The areas under protein 

bands between 1485 cm–1 – 1729 cm–1 were used to define the boundaries between 

prostate cancer cells and the bone marrow. This range, which is described as the protein 

image, contains a lot of vibration features associated with the C=O lipid chemistry seen 
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between 1700 cm–1 – 1730 cm–1, meaning the peak area is clearly influenced by the 

lipid chemistry. The data processing steps were poorly outlined throughout the paper, 

raising concerns surround the reproducibility of the FT-IR study.  

Gazi et al. (2007) studied the cellular uptake and translocation of palmitic acid from an 

adipocyte loaded with the fatty acid (12). By following the CH2 and CH3, C-D and C=O 

carbonyl stretches, the regions of lipids were isolated in PC-3 cells. The spectral 

resolution used was 4 cm–1 with over 700 scans. The spectra collected were of good 

quality and the C-D stretches were clearly defined. This study clearly indicates that FT-

IR can track and follow specific vibrational features associated with lipid metabolism. 

The microscopy clearly identified lipid droplets within the PC-3 cells, with the FT-IR 

spectral features matching the translocation of the C-D stretches of the D31-palmitic 

acid. Sub cellular locations of lipid accumulations were highlighted, strengthening the 

literature surrounding essential omega-6 fatty acids fuels metastasis. The data 

processing steps were poorly outlined throughout this investigation, raising questions 

surrounding the reproducibility of this study. 

Gazi et al. were able to track both deuterated AA and palmitic acid in the uptake and 

metabolism of metastatic prostate cancer cell lines (39). This study claims to be able to 

the management of intracellular lipids when using a 6.6 µm x 6.6 µm pixel size in high 

definition. This pixel size could only provide information on whether the cell has 

chemically changed and hence up taken any lipids, speculating the reorganisation of 

cellular lipids. Also, 64 sample scans were used, leading to a poor signal to noise in the 

spectra associated with AA, and the C-D stretch is unable to be identified through the 

noise, again further indication that more scans should have been used. All spectra 

related to palmitic acid uptake appear to clearly highlight the C-D stretches, probably 
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due to the significantly larger C-D bonds within the molecule compared to that of AA. 

The study demonstrated the effectiveness of mapping the lipid area, showing well 

defined lipid regions within the metastatic prostate cancer cell lines, another indication 

that FT-IR is a valuable technique when probing cellular lipids.  

Brown et al. managed to demonstrate that deuterated tagging enabled arachidonic acid 

to be specifically tracked and mapped through the vibrational spectral characteristics of 

the C-D stretch (40). The C-D peaks in the study are undefined and mainly appear as 

spectral shoulders off the CO2 peak at 2340 cm–1. The spectral resolution used was 8 

cm–1, with 75 background and 64 sample scans. The C-D stretch is a specific but weak 

vibration. The number of scans used is rather low, with doubt regarding the signal to 

noise ratio needed to obtain spectral features associated with deuterated AA. In contrast, 

Gazi et al. were able to show well defined C-D peaks using over 700 scans (12), 

possibly further indication of the poor choice of spectral parameters.  The spectra 

presented contain baseline distortions due to Mie scattering. It must be noted that there 

was no viable Mie correction method available and the scattering was not resolved in 

this study. It is debatable whether the spectral features presented are a result of the 

spectral distortions through Mie scattering rather than the chemistry of the C-D stretch. 

It must also be noted that the spectral processing steps are not highlighted throughout 

this study, making this very difficult to replicate.  

A physiologically unrealistic concentration of d8-AA was also used, at concentrations 

of 25 and 100 μM, roughly 2.5 – 10 times greater than what would be seen of cells in 

vivo respectively. Large concentration of AA such as the level used by Brown et al. is 

said to be cytotoxic in vitro, inducing apoptosis (41). It could be scrutinised that the 
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chemical features seen in the cells are a result of the cell gearing up for apoptosis, with 

no further investigations carried out investigating cell apoptosis. 

Literature strongly suggests that COX-2 plays a pivotal role in the carcinogenesis and 

development of prostate cancer (40). Regions of cancerous prostate tissue were found 

to contain higher levels of COX-2 expression compared to benign tissue. Tumour 

growth was noted to arrest or decrease when inhibiting cellular COX-2 in animal 

models. 

Brown in 2014 noted that prostate cancer cells approached and penetrated tight cell 

junctions with a chemo-attraction towards AA (42). In order to penetrate the tight cell 

junction, a morphological change was required, switching from a mesenchymal to 

amoeboid phenotype, a key step in the penetration of tight cell junctions. The chemical 

changes are currently unknown to why AA induces a morphological transition in the 

progression of prostate cancer.  Therefore, there is a need to investigate the effect of 

AA exposure on invasive and non-invasive prostate cancer cell lines and identify any 

chemical lipid changes which may be induced. Gaining insight to this simple 

morphological transition could pin point an essential chemical change which may 

induce intra or extra-vasation of prostate cancer cells and therefore lead to metastasis.  

2.6 Experimental Methodology  

2.6.1 Materials  

All cell culture general reagents inhibitors and stains were purchased from Sigma-

Aldrich (Poole, UK). Arachidonic acid was purchased from MP Biomedicals (London, 

UK) which was made up in methyl-β-cyclodextrin producing a 10 mg ml–1 emulsion. 
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Foetal calf serum was provided by PAA Laboratories (Yoevil, UK). Calcium fluoride 

substrates were supplied by Crystran Limited (Poole, UK). 

2.6.2 Cell Line Culture 

All cell lines were verified by the Cancer Research UK Manchester Institute tissue 

typing service and cultured as previously described by Hart et al. and Brown et al. 

(43,44). All cell lines were cultured onto calcium fluoride substrates. The disks 

sterilised with 90% w/w ethanol for 1 hour and air dried before use following the 

protocol of Thomas (45). All cells were serum starved in RPMI 1640 for 24 hours before 

to induce cell cycle arrest and treated without antibiotics.  

 

2.6.3 Cell Treatment of Arachidonic Acid  

All AA and d8-AA treatments were made up to a 20 µM concentration in RPMI 1640. 

The cell lines were cultured on CaF2 substrates. All cells were washed in PBS after 

treatment and formalin fixed 4% for 20 minutes. Cultured substrates were then dipped 

in double distilled water following the protocol of Gazi et al and air dried (46).  

2.6.4 COX-2 inhabitation  

Cell lines were exposed to 10 µM NS398 in RPMI 1640 and culture in 37oC in 5% CO2 

for 30 minutes prior to treatment.  

2.6.5 Fluorescence Microscopy  

All cells were stained with 5µM Nile-red 5 minutes before treatment. The fluorescent 

cultures were carried out in Hank’s Buffer Salt Solution (HBSS) without phenol red. 

All cultured substrates were washed in PBS and formalin fixed for 20 minutes, washed 

in double distilled (DD) water following the protocol of Gazi et al. and air dried. 
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Cultures were imaged on a Nikon Eclipse 90i Fluorescence microscope straight after 

drying.  

2.6.6 Fourier Transform Infrared Microscopy  

All measurements were taken in transmission mode and hyperspectral chemical images 

were obtained using an Agilent 670 FT-IR spectrometer coupled with an Agilent-620 

IR microscope. The system was equipped with a 128×128 liquid nitrogen mercury 

cadmium telluride (MCT) focal plane array (FPA) detector, using 256 background scans 

with 128 sample scans at 4 cm–1 resolution over a range 950 cm–1 – 3800 cm–1. A 15x 

magnification objective was used giving a pixel size of 5.5µm x 5.5 µm. For all High 

magnification images, a x25 objective and condenser was used providing a 0.7 µm x 

0.7 µm pixel size carried out with 4000 scans and background scans and a wavenumber 

resolution of 10 cm–1.  

2.7 Data Processing  

2.7.1 Cell Finder Algorithm 

Initially, the cell finder threshold has to be decided. The lipid 2800 – 3000 cm–1 was 

chosen because of the advantage in spatial resolution. The lipid range has a wavelength 

of 3.33 μm – 3.57 μm compared to that of the amide I band at 1600 cm–1 having a 

wavelength of 6.25 μm. Hence the former should provide a sharper, more defined 

cellular edge.  

Once the threshold range is decided, the area under the curve of the given range is 

calculated for each pixel spectra. These area values are then displayed as a lipid area 

value heat map displayed in Figure 8a. This lipid image is converted to a grey scale 

image, as shown in Figure 8b. The grey scale image is manually adjusted until it is a 
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good reflection of the lipid area value heat map. This is adjusted by choosing a threshold 

area value, whereby below a given value, the grey scale image is set as black and above 

the area value the pixels are set as white. This binary mask is then used to discard the 

pixel spectra of no biological interest. Single cells are highlighted and defined but the 

clumps of cells remain undefined until further processing is carried out.  

To break the clumps into single cells, a watershed algorithm is employed. This converts 

the regional maxima into regional minima. The cell to cell boundaries were marked by 

a watershed algorithm. Conceptually, the image can be thought of as a landscape, and 

then water is poured into the landscape filling the lowest points. As the water begins to 

rise, the lowest threshold is filled and two wells become one. The points where two 

minima wells become one are named the watershed lines, which define the cell 

boundaries. This produces a number of pixels which represent each individual cell. 

 

 

 

 

 

 

 

 

 

 

2.7.2 RMieS Correction 

FT-IR spectroscopy is a fantastic tool in determining biochemical behaviour within a 

cell. However, culture homogeneity and variability present many challenges in the 

Figure 8 Cell finder lipid area images 704 µm x 704 µm (a) – Lipid area heat map (left)               

(b) – Grey scale lipid image (right) 
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analysis and representation of   cell spectra. The phenomena “Mie Scattering” occurs 

when a particle interacts with incident radiation of a similar wavelength of the particle 

size. When the radiation is incident on a particle, the discrete electric charges (electrons 

and protons) within the particle begin to oscillate resulting in a nett secondary emission 

of radiation. Additionally, some of the radiation could be absorbed by the particle, 

extinguishing some of the incident radiation; both scattering and absorption have the 

result of reducing the radiation intensity after traversing with a given particle.  

Scattering from small particles is mostly Rayleigh scattering, occurring when the 

particle is roughly a tenth of the size radiation wavelength. This type of scattering is 

known to be elastic, with the photon energies of the scattered photons remaining 

unchanged. Mie scattering is predominantly wavelength dependant, when the 

wavelength of radiation is similar to that of the particle size the scattering pattern creates 

an antenna lobe in front of the particle in which the incident radiation struck, with the 

lobe becoming much sharper and focussed when the particle becomes larger than the 

wavelength of incident radiation shown below in Figure 9. 

 

 

Figure 9 – Light scattering mechanisms for different particle sizes (47) 
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The factors that influence Mie scattering are particle geometry, particle refractive index 

in contrast to the surrounding environment and angle of incident radiation. The greatest 

scattering occurs when the wavelength of the incident radiation is approximately equal 

to that of the particle size. 

Mie scattering proves very problematic when carrying out FT-IR studies on cellular 

systems, with large baseline distortions from scattering effects as cells as their size is 

similar to that of the wavelength used. Mie scattering also distorts peak shapes and 

apparent peak positions, making FT-IR interpretation skewed. Bassan et al. developed 

an algorithm named the resonant Mie scattering (RMieS) extended multiplicative signal 

correction (EMSC) to remove a recorded spectra of baseline distortions, shifts and peak 

width distortions (48). This algorithm takes a scatter free reference spectrum (Zref) 

allowing this to reconstruct the raw spectrum (Zraw) correcting any distortion effects 

caused by RMieS (48). The assumption is made that the Zraw is a superposition of Zref. 

With the greatest efficiency occurring when Zref  is close to Zraw. The user also needs to 

make a good choice of the reference spectrum, but when dealing with cells a very good 

representation is a Matrigel reference which contains all key spectral features similar to 

that of cells. To make the correction algorithm more effective and efficient, the iterative 

process replaces the reference spectrum with that of a corrected spectrum (Zcorr) 

removing any unwanted spectral features Zref may have, generally providing a more 

accurate representation of the true Zraw. The RMieS algorithm is shown in Figure 10. It 

must be noted that the number of iterations is user specific and that each application 

may require a different number of iterations through varying levels of scattering. 
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Figure 10 – RMieS iterative correction algorithm used to reduce scattering distortions in FT-

IR investigations (48). 

 

2.7.3 Noise Reduction 

Cells usually have low absorption, due to their thickness and size. It is important to 

reduce the noise to enable subtle spectral features to be identified. A de-noise algorithm 

was used, by simply performing principal component analysis (PCA) on the data set. 

The principal components explaining the majority of the variance within the data set 

will contain significant biological information. As the principal component number 

increases, most of the percentage variance of the data set is accounted for; the remaining 

principal components explain the variance within the data set due to noise. Throughout 

this study the last 15 principal components were used to remove the noise within the 

data set, as all data collected had a reasonable signal to noise ratio and a good number 

of scans and background scans were used throughout the investigations. An example 

spectrum is displayed in Figure 11, showing the unprocessed spectrum in blue and the 

de-noised spectrum in red, translated 0.15 units in the positive Y direction for a 

comparison to be drawn. There is a small difference between the two spectra, but the 
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overall quality of the de-noised spectrum is better, with the majority of the noise 

removed, displaying a smooth spectrum with all significant biological features 

represented. This is important as, when carrying out multivariate analysis, biological 

differences are seen rather than differences as a result of noise. All de-noised spectra 

are assessed as to whether biological information has been removed by simply 

subtracting the pre-processed spectra from the de-noised spectra, obtaining difference 

spectra reflecting general noise. The difference spectrum of Figure 11 is shown in 

Figure 12, highlighting a general noise spectrum, indicating no significant biological 

information has been removed from the spectrum.  

 

 

 

 

 

 

 

 

 

Figure 11 – A Comparison between an unprocessed spectrum (blue) and a noise reduced 

spectrum (red)  

  



84 
 

 

Figure 12 – A noise spectrum removed from the processed spectrum 

 

2.7.4 Vector Normalisation  

There is generally a large amount of variation in the thickness of biological samples; 

this causes great fluctuations in absorption intensity which can be explained by the Beer 

Lambert law. As the absorption peak intensities should be similar for each cell, it is 

necessary to find a commonality between the absorption peaks recorded so that 

biochemical information can be analysed with respect to biochemical change rather than 

varying sample thickness. This was carried out by calculating the normalising value T 

of the data set which can be seen in equation 8. Each wavenumber absorption variable 

is divided by the normalising value T vector normalising the data set, eliminating the 

majority of the spectral absorbance fluctuations due to sample thickness.  

                                                     𝑇 = √∑ 𝑥𝑖
2

𝑁

𝑖=1

                                                           Equation 8 
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2.7.5 Spectral Derivatives  

Spectral derivatives are taken as a way to identify subtle spectral features, particularly 

if a peak is convoluted amongst others or their changes in spectral gradients which 

indicate a change in peak what might have been overlooked. Throughout this study, the 

first derivate of spectra will be taken. First derivative has the advantage over second 

derivative in maintaining a relatively good signal to noise ratio. 

2.7.6 Multivariate Analysis 

2.7.6.1 Principal Component Analysis  

PCA is used to simplify complex data sets reducing the dimensionality whilst retaining 

the trends within the data set (49). FT-IR biological data sets are often very large, with 

thousands of spectra with over a thousand data points per spectrum. Therefore, there is 

a need to simply the data set reducing the dimensions enable to find underlying 

biological patterns. PCA is an unsupervised learning method meaning the statistical tool 

finds patterns without any previous information around the data sets (50), for instance 

if cells are different cell types of if they have been treated with different drugs.   

For a given FT-IR data set, the data is organised into a matrix of dimensions I x J, I 

been the number of spectra and J being the number of data points (wavenumbers) for a 

given spectrum shown in Figure 13.  
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The spectra are all related and can be plotted in a space associating their data points and 

intensity. The mean of the data set is then calculated and subtracted from each data 

point, mean centring the data set, defining new axis scales with the mean effectively 

centred around (0,0), as displayed in Figure 14a. The direction of the data sets maximum 

variance is then defined, as shown in Figure 14b. This is found by calculating the co-

variance matrix of the data set, followed by Eigen decomposition exploiting the 

geometric properties of the Gaussian distribution. Geometrically, the Eigen vectors 

determine the axis of an ellipse surrounding the data, capturing the variance. A list of 

Eigen vectors and values are computed. The Eigen values determine the scale of the 

Eigen vectors, in other words the scale of variance in a given direction. The Eigen values 

are then ordered from largest to smallest with their related Eigen vectors. The largest 

Eigen value represents the vector direction with the largest spread of variance within 

the data set; this becomes principal component 1, with the second largest value 

becoming principal component 2. The variance of each principal component is the value 

of the Eigen value relating to a principal component’s loading (principal components 

WN (J) 

Spectra (I)  

X – Observations (I x J)  

Figure 13 – Visual representation of the collected FT-IR data matrix, with spectra in rows and 

WN in columns 
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co-efficient). The principal component score is how the dataset is spread for a given 

vector direction explaining a given variance within a dataset.  

 

 

The principal component score plot is therefore a measure of how similar a given data 

set is to a specific variance, in terms of FT-IR spectra, how spectra differ due to different 

absorbencies. This can be exploited to show how given cells change over time with 

specific drug interactions, making this an ideal statistical tool for this study.  

2.7.6.2 Seeded Principal Component Analysis 

 

Seeded PCA or “spiked” chemometric PCA is carried out by simply biasing the non-

supervised statistical technique PCA to force a particular outcome with respect to a 

specific molecule or vibrational signature. The exact protocol for seeded PCA can be 

seen in the work carried out by Keating (2016) (51). Keating’s technique forced the 

majority of the variance to be a specific spectrum in a given data set. This was achieved 

Figure 14 (a) – Mean centred dataset rescaling axes (b) – Direction of data sets maximum and 

second largest variance shown by p1 and p2 respectively 
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by multiplying a given spectrum by a large order of magnitude (>104), and adding this 

data point to the data set on which PCA will be carried out. This data point multiplied 

by a large order of magnitude is known as the seed. When carrying out PCA analysis, 

the weighting of variance will be specifically related to seed, making the loadings for 

PC1 the pure seed spectrum, as the biggest difference in the data set is between the 

multiplied point and the rest of the data set points clustered very tightly together in 

comparison. Forcing a given loadings plot in PCA means any separation drawn 

throughout the data set is down to a specific molecule, if a pure molecule spectrum was 

used as the seed.  

2.7.6.3 PCA Methodology and Median Positional Plots 

 

All PCA was carried out pairwise, meaning that all spectra from all time points were 

placed into the same data matrix. PCA was performed on the full data matrix producing 

loadings representative of all time points for each individual experiment. PCA plots are 

shown throughout this study comparing t=0 min against 5, 15, 30 and 60 mins. It must 

be noted that when comparing t=0 min with t=5 min for example, the other time points 

t=15, 30 and 60 min have been blanked (whited) out for visual presentation and they 

are still contributing to the separation seen in the PCA plot.  

Median positional plots are created by taking the median of the t=0 min cluster in PC1. 

This value is then subtracted from all median values for t=0, 5, 15, 30 and 60 mins. This 

is essentially centring the median, setting the t=0 min to zero. The difference between 

medians are then calculated between t=0 min and t=5, 15, 30 and 60 min and plotted. 

The relationship between the median positional plot and PCA score can be seen in 

Figure 15. 
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Figure 15 – An example of median positional plot accompanied by the PCA score 

plot. 
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The Effect of Arachidonic Acid on Invasive and Non-Invasive Prostate Cancer 
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It is well documented that AA promotes prostate cancer invasion and proliferation (1), 

but the mechanisms and chemistry associated with the behaviour of the disease 

regarding invasion and metastasis is poorly understood. There is a need to understand 

and identify the initial process of exogenous exposure of AA to prostate cancer cell 

lines and whether the chemistry can be understood through FT-IRM. FT-IRM has been 

used in many biomedical applications but has rarely been used to track cellular 

metabolism (2). Understanding the initial cellular uptake behaviour could elucidate a 

potential key driver of metastasis within prostate cancer.  

A structural change between a mesenchymal to amoeboid phenotype is an essential 

process an invasive cell must undertake to penetrate the endothelial tight cell junction 

during extravasation into the vessels and bone. AA has been seen by Brown et al. to 

induce this morphological change (2). But what is unknown is a cell’s invasive ability 

dependant on AA uptake in turn limiting the cells ability to undergo morphological 

changes required to penetrate the vascular system.   

In this chapter, FT-IRM will be used to investigate the chemical changes the invasive 

cell lines PC-3, DU145, LNCaP C4-2 and LNCaP C4-2B and non-invasive cell lines 

LNCaP and PNT2 undergo when exposed to exogenous AA. PCA will be used to track 

specific chemical changes throughout a 60-minute time course.  
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3.1 Invasive Prostate Cancer Cell Lines  

All cell lines were cultured under standard protocol as described in section 2.6.2, serum 

starved overnight inducing cell cycle arrest, treated with 20 μM AA in cyclodextrin for 

t= 0, 5, 15, 30, and 60 minutes and formalin fixed.  

The acquired FT-IR raw spectra were put through an initial cell finder and RMieS 

correction algorithm. The RMieS corrected spectra were then put through a quality 

control, discarding any of the spectra with amide I peaks < 0.04, denoised and vector 

normalised.  

3.1.1 PC-3M Spectral Comparison  

An initial investigation was carried out attempting to establish spectral signatures 

associated with the uptake of AA. PC-3M cells were used to initially identify key 

spectral positions, as the cell line is most invasive.  The median spectra of PC-3M cells 

treated with AA for t=0, 5, 15, 30 and 60 min were compared, looking for spectral 

differences expressed by the cell line for different lengths of exposure to exogenous 

AA. 

A spectrum of AA was collected and assessed between the spectral ranges 1000 cm–1 – 

1800 cm–1 and 2600 cm–1 – 3500 cm–1 for a strong spectral feature than can be 

recognised within the highly complex cellular spectra, shown in Figure 16a and b 

respectively.  

There was a peak present at 1732 cm-1 which has been enlarged and seen in Figure 17 

which will be used as a spectral marker for the presence of AA. 
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Figure 16 – AA spectrum between the spectral ranges (a) 1000 cm
–1

 – 1800 cm
–1

 and (b) 2600 

cm
–1

 – 3500 cm
–1

. 

1732 cm–1 

a) 

b) 
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Figure 17 – Pure AA spectrum between 1720 cm
–1

 – 1750 cm
–1

 showing the specific C=O 

carbonyl stretch at 1732 cm
–1

 associated with AA with a dotted line 

 

The median spectra for PC-3M cells treated with AA at time points t=0 (blue), 5 (green), 

15 (magenta), 30 (black) and 60 (red) min can be seen in Figure 18. Firstly, significant 

changes in intensity between 1725 cm–1 – 1745 cm–1 can be seen, which is the C=O 

carbonyl stretch specific to fatty acid molecules. There appears to be a large increase in 

intensity at t=5 min followed by a larger increase by t=15min. By t=30 and 60 min 

there are progressive decreases in intensity, probable indication of AA uptake and 

metabolic rejection. Secondly, there appears to be an emerging peak around                 

1732 cm–1, specific to the uptake of AA. 
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Figure 18 – A median spectral comparison of PC-3M cells at t=0 (blue), 5 (green), 15 

(magenta), 30 (black) and 60 (red) min treated with AA, 1732 cm
–1

 C=O carbonyl peak shown 

with a black dotted line.  

 

To further investigate the change in peak shape throughout the time course, the spectra 

were put through the first derivative to amplify small, subtle changes in peak shape, 

followed by the median. The first derivative function was preferred to the second 

derivative function as the spectra’s SNR decreases through increasing differential order, 

maintaining a relatively high SNR in the first order.  The median first derivative spectral 

comparisons of t=0min (blue) versus t=5 (green),15 (magenta), 30 (black) and 60 (red) 

min can be seen in Figure 19a, b, c and d respectively.  
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a) b) 

d) c) 

Figure 19 – The median first derivative spectral comparisons of PC-3M cells of t=0min 

(blue) versus (a) t=5 (green), (b) 15 (magenta), (c) 30 (black) and (d) 60 (red) treated with 

AA. The 1732 cm
–1

 C=O carbonyl stretch is highlighted with a black dotted line.  
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The first derivative plots deconvolution the progression of a peak formation at 1732 

cm–1. Comparing t=0 and 5 min, t=5 min has a less negative value at 1732 cm-1 than 

t=0 min indicating that the gradient is becoming less steep with emergence of a peak 

shoulder. At 1740 cm–1, the t=5 curve is becoming more negative than t=0 min, 

signifying the gradient steepening after the peak. At t=15min, the same spectral 

behaviour is seen, to a more exaggerated effect with an even smaller negative gradient 

value at 1732 cm–1 and a greater negative value at 1740 cm–1. Finally, t=30 and 60 min 

take the same spectral shapes, with t=30 min displaying a slightly less negative gradient 

value at 1732 cm–1 with similar gradient values at 1740 cm–1. The pattern displayed 

clearly identifies the formation of a peak around 1732 cm–1. This peak formation 

indicates AA uptake.  The peak becomes less defined at t=30 and 60 min, probably 

good indication than the cellular system has broken down AA into its bioactive 

metabolites and rejected from the cell. 

3.1.2 PCA of the C=O Fatty Acid Carbonyl Stretch for PC-3M Cells 

PCA was used to investigate the biochemical changes throughout the 60-minute time 

course. The full spectra of PC-3M cells treated with AA for t=0 min can be seen in 

Figure 20a and b for spectral ranges 1000 cm–1 – 1800 cm–1 and                                         2600 

cm–1 – 3500 cm–1 respectively.  The cell spectra were put through a first derivative 

function. By placing the cellular first derivative spectra in the same PC score space 

allows the chemical variance between each time point to be compared relative to one 

another. The PCA analysis should further pick up and highlight the key spectral peak 

around 1732 cm–1. 

PCA was carried out on the cell line PC-3M between the spectral range 1720 cm–1 – 

1750 cm–1 over the 60-minute time course which can be seen in Figure 21.The PCA 
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scores reveal a significant biochemical shift in PC-3M cells throughout the 60-minute 

time course when exposed to exogenous AA. At t=0 min (blue), the PC-3M cluster is 

relatively fitted with tight clustering representing no significant biochemical changes 

within the time point. At t=0 min, the cells are exposed to AA for a negligible amount 

of time as the substrate is washed of AA almost instantly then fixed. As all cells were 

serum starved overnight, variances in the cell cycle should be minimal, meaning the 

cells should be biochemically similar. As early as t=5 min, there is a significant shift in 

the negative direction of PC1 with respect to the initial t=0 min. The directional move 

indicates that the t=5min cluster is becoming chemically similar to the negative PC1 

loading plot displayed in Figure 22. The strong negative features displayed in the 

loading plot indicates the cell is attaining chemical features associated with the C=O 

carbonyl stretch of AA.  At t=15 min, there is a further increase in negativity with 

respect to PC1. Again, further indicating an increase in cellular AA acquired from the 

endogenous pool. At t=30 min, there is a directional transition within the PCA plot, 

with the cellular spectra returning to a chemically similar state to the t=0 min cells. By 

t=60 min, there are no significant differences in the chemistry with respect to the initial 

t=0 min. 

The PC-3M cell lines appeared to have an increased chemical similarity to AA, 

indicating uptake. The strong negative peak shown in the loading of PC1 is a marker of 

a peak shoulder forming, as the cells treated with AA move in the direction of this peak 

is a distinct marker that cells are taking on the spectral chemistry associated with AA 

uptake. By t=30min the cells appeared to lose the chemistry associated with AA, 

implying either cellular rejection or metabolism.  
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a) 

b) 

Figure 20 – FT-IR spectra of cell line PC-3M at t=0 min between the spectral ranges (a) 1000 

cm
–1

 – 1800 cm
–1

 and (b) 2600 cm
–1

 – 3500 cm
–1

. 
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Figure 21 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line PC-3M treated with AA at time points (a) t=0 min (blue) vs t=5 min 

(green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min (black) 

and (d) t=0 min (blue) vs t=60 min (red). 
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Figure 22 – PC1 loading plot for the cell line PC-3M 
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3.1.3 PCA of the C=O Fatty Acid Carbonyl Stretch for PC-3 Cells 

The PCA scores of first derivative FTIR spectra for PC-3 cells treated with AA for 

t=0min versus t=5, 15, 30, and 60 min can be seen in Figure 23. The cluster for t=0 

min remains tight with the cells showing a chemical similarity. By t= 5 min, there is a 

clear separation in the positive PC1 direction.  The PC1 loading which can be seen in 

Figure 24 indicates that the t=5min cell lines are becoming chemically similar to the 

carbonyl C=O chemistry associated with AA uptake represented in the positive PC1 

loading, matching the direction of separation. By t= 15min, there is an even greater 

separation away from the t=0min, indicating further AA uptake. Finally, t=30 and t=60 

min progressively show less separation from t=0 min, the cells are more chemically 

similar to the initial time point containing no AA. This highlights the loss of cellular 

AA a possible indication of metabolism and cellular rejection. 
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Figure 23 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line PC-3 treated with AA at time points (a) t=0 min (blue) vs t=5 min 

(green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min (black) 

and (d) t=0 min (blue) vs t=60 min (red). 

Figure 24 – PC1 loading plot for the cell line PC-3 

P
C

2
 (

9
.9

 %
) 

PC1 (81.4 %) 



106 

 

3.1.4 PCA of the C=O Fatty Acid Carbonyl Stretch for DU145 Cells 

The PCA scores of first derivative FTIR spectra for cell line DU145 cells treated with 

AA for t=0min versus t=5, 15, 30, and 60 min can be seen in Figure 25. There is clear 

separation in the positive PC1 direction in the scores plot at t=5 and t=15 min from the 

initial t=0. The PC1 loading can be seen in Figure 26, with the positive PC1 loading 

representative of the C=O carbonyl stretch of AA, which is a good indication of uptake. 

The t=5 min appears much tighter than the t=15 min cluster, this is probably down to 

varying stages of the AA cascade. At t=30 min the cluster has become much tighter and 

have moved back in a negative direction towards the initial t=0 min time point losing 

the chemical features of the AA. At t=60 min the cells have moved to chemical spectral 

profile which matches the initial t=0 min, signifying a chemically similar state. 
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Figure 26 – PC1 loading plot for the cell line DU145 

Figure 25 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line DU145 treated with AA at time points (a) t=0 min (blue) vs t=5 min 

(green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min (black) 

and (d) t=0 min (blue) vs t=60 min (red). 
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3.1.5 PCA of the C=O Fatty Acid Carbonyl Stretch for LNCaP C4-2B Cells  

The PCA scores of first derivative FTIR spectra for LNCaP C4-2B cells treated with 

AA for t=0min versus t=5, 15, 30, and 60 min can be seen in Figure 27. At t=5 min 

there is a defined separation in the positive PC1 direction away from the initial t=0min 

cluster, with further separation seen by t=15 min. The dispersion is also more varied at 

t=15 min compared to that seen in t=5min, this again is probably down to the cell 

experiencing different stages of the AA cascade. By t=30 min, the cluster is tight and 

moved in a more negative direction back towards t=0min. At t=60 min there is no 

separation from the initial t=0 cluster. The PC1 loading can be seen in Figure 28 and 

again the positive loadings (direction of separation) indicate features of the 1732 cm–1 

C=O AA carbonyl stretch. Again, there appears to be AA uptake and metabolism. 
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Figure 27 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line LNCaP C4-2B treated with AA at time points (a) t=0 min (blue) vs 

t=5 min (green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min 

(black) and (d) t=0 min (blue) vs t=60 min (red). 

Figure 28 – PC1 loading plot for the cell line LNCaP C4-2B 
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3.1.6 PCA of the C=O Fatty Acid Carbonyl Stretch for LNCaP C4-2 Cells 

The PCA scores of first derivative FTIR spectra for LNCaP C4-2 cells treated with AA 

for t=0 min versus t=5, 15, 30, and 60min can be seen in Figure 29. The t=5 min cluster 

has moved in the positive PC1 direction. The time points are still overlapping but there 

is indication that there are slight chemical variances between the two time points. The 

separation appears to have slightly increased by t=15 min with slight overlap still with 

the initial t=0 min cluster. At t=30 min the cluster is tighter with slight separation along 

PC1, with finally t=60 min showing no separation along PC1. The PC1 loading can be 

seen in Figure 30, showing the positive PC1 loadings showing chemistry associated 

with AA uptake with the C=O carbonyl stretch present at 1732 cm–1. The separation 

does not appear as clear as the other invasive cell lines. The same trend is seen but to a 

less extent. The LNCaP C4-2 is the least invasive of the invasive cell lines used, which 

could be indication that the invasive phenotype could depend on the uptake and 

metabolism of AA.  
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Figure 29 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line LNCaP C4-2 treated with AA at time points (a) t=0 min (blue) vs 

t=5 min (green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min 

(black) and (d) t=0 min (blue) vs t=60 min (red). 
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Figure 30 – PC1 loading plot for the cell line LNCaP C4-2 
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3.2 Non-Invasive Cell Lines 

3.2.1 PCA of the C=O Fatty Acid Carbonyl Stretch for LNCaP Cells 

The PCA scores of first derivative FTIR spectra for LNCaP cells treated with AA for 

t=0min versus t=5, 15, 30, and 60 min can be seen in Figure 31. There appears to be no 

separation between any of the time points. All of the clusters remain on top of one 

another, displaying the lack of chemical variance throughout the 60-minute time course. 

It appears that the exogenous supply of AA has no detectable chemical effect on the 

non-invasive LNCaP cell line.  
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Figure 31 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line LNCaP treated with AA at time points (a) t=0 min (blue) vs t=5 min 

(green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min (black) 

and (d) t=0 min (blue) vs t=60 min (red). 



113 

 

3.2.2 PCA of the C=O Fatty Acid Carbonyl Stretch for PNT2 Cells 

The PCA scores of first derivative FTIR spectra for PNT2cells treated with AA for 

t=0min versus t=5, 15, 30, and 60min can be seen in Figure 32. Again, as seen with the 

other non-invasive cell line LNCaP, there is no PCA separation seen at any of the time 

points from the initial t=0 min. All of the cluster centres remain overlapped, expressing 

the chemical similarity between all of the time points. The cells appear to experience 

no chemical changes when exposed to exogenous AA.  
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Figure 32 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 1750 

cm
–1

 for the invasive cell line PNT2 treated with AA at time points (a) t=0 min (blue) vs t=5 min 

(green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) vs t=30 min (black) 

and (d) t=0 min (blue) vs t=60 min (red). 
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3.3 Discussion  

There is a very clear and distinct trend that has emerged when comparing the results of 

the PCA for all cell lines. The invasive cell lines PC-3M, PC-3, DU145, LNCaP C4-2B 

and LNCaP C4-2 display very similar chemical spectral profiles and trends throughout 

the 60-minute time course. The invasive cell lines all experience separation as early as 

5 minutes with maximum separation seen by 15 minutes. By 30 minutes, the cells start 

to lose the chemical profile associated with AA uptake. It is clear, that by 60 minutes, 

all cell lines appear to return to their original pre-exposed spectral profile. The chemical 

behaviour highlighted by PCA implies that there is AA uptake in all invasive cell lines, 

albeit to different effects. The less aggressive cell line LNCaP C4-2 appears to show 

less separation compared to the highly invasive cell lines PC-3M and PC-3.  

The separations in the PCA loadings are conclusive that the biochemical variances 

displayed throughout the 60-minute time course are a result of AA uptake and ejection. 

There are strong correlations in the loadings which indicate that the positive or negative 

direction of separation is a result of the 1732 cm–1 C=O stretch, which has been shown 

to be a signature of AA.  

The time line of the chemistry displayed agrees with Brown et al. and is consistent with 

a physiologically realistic time scale (3). Throughout the first 15 minutes, there appears 

to be massive cellular biochemical change. Initially, there will be a massive cellular 

reaction to excess AA. The cell recognises that there is an abundance of AA available 

in the exogenous environment, triggers mass cellular uptake of AA. The cell regulates 

mass catalysis through the AA cascade, breaking AA through COX pathways into 

PGE2. By t=15 min, if the AA cascade is underway, there will be a large about of AA 
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converted to PGE2. The PGE2 is cytotoxic, so the bioactive metabolite is ejected from 

the cell, potentially the reason why clusters at t=30 and 60 min become more chemically 

similar to the initial t=0 min time point.  

Brown et al. and Gazi et al. demonstrated the uptake of AA in invasive prostate cancer 

cell lines (4,5). These studies highlighted that invasive prostate cancer cells translocated 

AA from bone marrow adipocytes. Schumacher et al. further revealed that intraprostatic 

AA levels are significantly lower in cancer tissues compared that those of healthy tissue 

(6). This suggests that AA is preferentially metabolised into pro-tumour PGE2 (7). 

These studies reinforce the spectral lipid changes seen in invasive prostate cancer cell 

lines. It appears that invasive cell lines uptake AA which directly effects their migratory 

potential, further implying that AA is an essential driver of prostate cancer metastasis. 

When non-invasive cell lines are treated with AA, there appears to be no biochemical 

changes within the cellular system. This is significant, as all cellular systems would be 

expected to uptake AA as it is a key chemical component for cellular regulation. Non-

invasive cell lines seem to have a limited ability to uptake AA. If the cellular systems 

fail to uptake AA, then the AA cascade will not commence. This potentially could be 

the reason why no biochemical change is seen throughout the 60-minute time course. 

The mechanism by which non-invasive cell lines have a supressed uptake is currently 

unknown. There is no current literature surrounding this finding, which makes this 

question interesting. Is a key difference between an invasive and non-invasive cell line 

its ability to uptake and metabolise AA? It is already well documented in literature that 

AA causes an increase in prostate cancer cell proliferation and metastasis (2). Do the 

cells which invade need this AA as a fuel to increase the efficiency of its metastatic 

journey? Invasive cell lines must have a key chemical affinity to the AA, what drives 
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this affinity is unknown. It also must be noted that, if the key difference between an 

invasive and non-invasive phenotype is its fundamental ability to metabolise AA into 

key bioactive PGs, then what effect does PGE2 have on prostate cancer metastasis? 

3.4 The Invasion Assays of PC-3 and PNT2 Cell Lines 

Furthering the PCA investigations, the invasive potentials of the invasive cell line PC-

3 and non-invasive cell line PNT2 were investigated. A scratch assay was performed, 

where cells were grown in a well to 100% confluency. Once confluent, the cells were 

serum starved overnight. A set of 4 scratches were evenly scratched on the cultured 

substrate with a 1 ml Gilson tip, with 2 lines parallel to one another with the other 2 

lines orthogonal to the initial two lines forming 4 crosses. Once scratched, the cells were 

washed twice with PBS, removing any of the loose cellular debris. The cells are treated 

with a 20 µM concentration of AA in cyclodextrin, with the 4 scratch interest points 

imaged and then incubated at 37 oC and 5% CO2 v/v for 14 hours. After 14 hours of 

incubation, the scratch intersects are imaged again, allowing a comparison to be made 

on the cell’s invasive potential on AA exposure.  

The scratches for cell lines PC-3 before and after 14h exposure to AA can be seen in 

Figure 33a and b respectively. The scratches for PNT2 cells before and after 14h AA 

exposure can be seen in Figure 34a and b respectively.  
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Firstly, looking at the PC-3 cells at the initial 0-hour treatment, the scratch is evenly 

spaced and well defined. There is little cellular debris in the open scratch, with the 

wound clean. When the PC-3 cells have been exposed to AA for 14 hours, the cells had 

invaded the scratch, with a high degree of wound closure, which is consistent with the 

study carried out by Brown et al. demonstrating that AA influences PC-3 cells invasive 

potential (2).  

Figure 33 – Scratch invasion assay for PC-3 cells treated with AA for (a) 0 hours and (b) 14 hours 

imaged at x5 magnification 960 µm x 960 µm 

a) b

) 

Figure 34 – Scratch invasion assay for PNT2 cells treated with AA for (a) 0 hours and (b) 14 

hours imaged at x5 magnification 960 µm x 960 µm 

 

a) b

) 
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The PNT2 cells at 0-hour exposure have a well-defined clear scratch. The wound is 

clean with no cellular debris. After 14-hour exposure to AA, the wound remained open 

with minimal wound closure. Brown et al was also able to display that the non-invasive 

cell line LNCaP were significantly less invasive than PC-3 cell lines when scratch 

assays were compared (2). This agrees with the result obtained with non-invasive PNT2 

cell lines.  

ImageJ was used to quantitate the degree of wound closure between the PC-3 and PNT2 

cell lines, measuring the arbitrary scratch widths of each of the 4 crosses giving 16 

measurements per well. These arbitrary lengths for each scratch were averaged, 

producing an average scratch width before and after 14 hours AA exposure. A migration 

index was calculated, which is essentially the distance of wound closure throughout the 

14 hours. From this, the percentage wound closure was calculated for each of the 4 

crosses in the well plate. The results for the cell lines PC-3 and PNT2 are displayed in 

Table 1 and Table 2 respectively. The comparison of wound closure for PC-3 and PNT2 

cells are displayed in the bar plot in Figure 35. 

 

  

PC-3 

Scratch  

Before 

Treatment 

After 

Treatment 

Migration 

Index 

Percentage 

Closure (%) 

1 453.7 182.7 271.0 59.7 

2 416.2 205.1 211.1 50.7 

3 408.4 225.3 183.1 44.8 

4 416.3 214.3 202.0 48.5 

Table 1 – Invasion assay data for PC-3 cells treated with AA for 0 hours (before treatment) 

and 14 hours (after treatment) for all 4 scratches and 4 data points per scratch averaged, the. 
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PNT2 

Scratch  

Before 

Treatment 

After 

Treatment 

Migration 

Index 

Percentage 

Closure (%) 

1 479.1 442.8 36.3 7.6 

2 556.6 486.0 70.6 12.7 

3 507.5 496.9 10.5 2.1 

4 521.5 485.6 35.9 6.9 
Table 2 – Invasion assay data for PNT2 cells treated with AA for 0 hours (before treatment) 

and 14 hours (after treatment) for all 4 scratches and 4 data points per scratch averaged.  

Figure 35 – Bar plot of the percentage wound closure after 14 hours exposure to AA for cell 

lines PNT2 (blue) and PC-3 cells (red) 
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There is a clear difference in the invasive ability of non-invasive PNT2 and invasive 

PC-3 cells with an approximate 40% difference in wound closure. The wound closure 

for each of the 4 crosses for both PNT2 and PC-3 cells show small margins of 

variability. This could be simply down to an uneven distribution of AA across the well 

or natural variation from complex mechanics of cellular systems.  

There is a clear difference in cellular invasiveness when non-invasive and invasive cell 

lines are exposed to AA. It was seen that invasive cell lines readily uptake AA whereas 

non-invasive cell lines experienced no such behaviour in the PCA. This chemistry 

supports the degree of invasiveness witnessed, and supports the hypothesis that AA is 

the fundamental fuel required for prostate cancer cells to embark on their metastatic 

journey, with the non-invasive cells lacking a fundamental ability to uptake and 

metabolise AA.   

3.5 PC-3 Cyclodextrin Control 

Treating cells with pure AA is problematic, as it is insoluble. Therefore, cyclodextrin 

was chosen as a vehicle to deliver AA. The low toxicity and immunogenicity make 

cyclodextrin favourable to use (8). The disadvantage of using cyclodextrin is it disrupts 

the lipid structures within the cell membrane such as lipid rafts and cholesterol (9). 

Other solvents commonly used are DMSO and ethanol, but both are considered highly 

cytotoxic compared to the carbohydrate based cyclodextrin (10). It is essential to 

analyse the biochemical effect that cyclodextrin has on this study.  

PC-3 cells were serum starved overnight before a 20 µM treatment of AA was delivered 

followed by formalin fixation over a 60-minute time course. PCA was performed, with 

the scores can be seen in Figure 36. There is no separation displayed throughout the 60-
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minute time course. All time point clusters overlap and show, displaying no significant 

biochemical variance throughout the time course.  

It is known that the lipid membrane chemistry changes and is disrupted on exposure to 

cyclodextrin, one might expect to see a biochemical change.  FT-IR examines the 

global cellular chemistry. Consequently, no overall biochemical change will be 

noticed for such small molecular changes within the membrane. Confidence can be 

drawn that the chemical changes witnessed are a result of the AA induced cellular 

mechanisms rather than cyclodextrin induced effects.   

 

 

 

 

 

 

 

 

 

 

 

  

Figure 36 – PCA scores of FTIR spectra, examining the C=O stretch between 1720 cm
–1

 – 

1750 cm
–1

 for the invasive cell line PC-3 treated with cyclodextrin at time points (a) t=0 min 

(blue) vs t=5 min (green) and (b) t=0 min (blue) vs t=15 min (magenta) and (c) t=0 min (blue) 

vs t=30 min (black) and (d) t=0 min (blue) vs t=60 min (red). 
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3.6 Cell Membrane Fluidity  

The introduction of lipids to cancer cells effects numerous cellular processes such as 

cell growth, proliferation, differentiation and motility (11). Studies have already 

demonstrated that AA increases prostate cancer motility (12,13,14). Cellular motility is 

a key function in the progression and metastasis of prostate cancer. If the prostate cancer 

cells motility is limited, then the cellular invasiveness will be less potent. Los et al. 

identified a decrease in FT-IR CH2/CH3 ratio is indication of an increased membrane 

fluidity (15). Shorter chained fatty acids integrated within the membrane gives an 

increase in fluidity, as the fatty acid chains are shorter there are fewer CH2 vibrations 

with the same number of terminal CH3 vibrations, decreasing the ratio between the two. 

This is the case when cells are experiencing a shift from a mesenchymal to amoeboid 

phenotype, a key transition required to penetrate tight cell junctions and undergo intra 

and extra-vasation.  

The CH2/CH3 lipid proportion will be monitored throughout the 60-minute time course 

for the 3 most invasive cell lines PC-3M, PC-3, LNCaP C42B and non-invasive cell 

lines PNT2 and LNCaP to further identify biochemical shifts with respect to AA 

induction. 

The peak area will be used rather than the maximum peak intensity, as it provides a 

better overall representation of lipid quantity, as the area takes the peak shape into 

consideration. The asymmetric CH2 and CH3 peak areas have been examined, as they 

simply have a larger area compared to the symmetric stretches. A larger area should 

result in a smaller error within the ratio. The CH2 asymmetric stretch peak falls at 2852 

cm–1 taking the width of the peak between 2845 cm–1 – 2862 cm–1. The CH3 asymmetric 
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stretch peak falls at 2922 cm–1 taking the width of the peak between 2915 cm–1 – 2947 

cm–1 

Rather than using a direct ratio of the CH2 and CH3 area values, a proportion will be 

used, where the area of the CH2 asymmetric stretch will be divided by the sum of the 

areas of the CH2 and CH3 asymmetric stretches shown in equation 9. 

 

𝑅𝐶𝐻2/𝐶𝐻3
=

𝐴𝐶𝐻2

𝐴𝐶𝐻2
+ 𝐴𝐶𝐻3

                                           Equation 9 

A proportion was used as to a simple ratio due to the scaling. A proportion will always 

give a value between 0 – 1. As ACH2
→ ∞, 𝑅𝐶𝐻2/𝐶𝐻3

→ 1. Meaning sharp changes in 

spectral intensities will not result in a large value, simply a value between 0 – 1.  

The median area proportion of CH2/CH3 asymmetric stretch vibrations for the invasive 

cell line PC-3M throughout the 60-minute time course can be seen in Figure 37.  

Overall, there is a decrease in the global CH2/CH3 proportion throughout the 60-

minutes. This implies that the fluidity of the cell has shifted to a less rigid state, a key 

state a cell must reach to increase its motility. It appears that AA also induces a change 

in the fluidity as the cell gears up for its metastatic invasion. During the first 5-minutes, 

there is an increase in membrane fluidity, between 5 and 15 minutes there appears to be 

no change in fluidity. Finally, there is a sharp increase in cell fluidity between 15 and 

30 minutes, with a progressively small increase to 60-minutes.  
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Figure 37 – Median CH2 to CH3 asymmetric proportion of PC-3M cells treated with AA at 

t=0, 5, 15, 30 and 60min. 

The median area proportion of CH2/CH3 asymmetric stretch vibrations for the invasive 

cell line PC-3 throughout the 60-minute time course can be seen in Figure 38. Overall, 

there is a significant increase in cellular fluidity represented by a large decrease in the 

CH2/CH3 proportion. There is an increase in cell fluidity as early as 5 minutes, followed 

by a plateau until 30 minutes. Finally, there is a further increasing in cellular fluidity 

through the remainder of the time course until 60-minutes.  

 

 

 

 

 

 

Figure 38 – Median CH2 to CH3 asymmetric proportion of PC-3 cells treated with AA at t=0, 

5, 15, 30 and 60min 
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The median area proportion of CH2/CH3 asymmetric stretch vibrations for the invasive 

cell line LNCaP C4-2B throughout the 60-minute time course can be seen in Figure 39. 

There is a substantial increase in cell fluidity in the first 15-minutes. Between 15 and 

30 minutes the fluidity plateaus with a further small increase for the remainder of the 

time course until 60-minutes. 

 

 

 

 

 

 

Figure 39 – Median CH2 to CH3 asymmetric proportion of LNCaP C4-2B cells treated with 

AA at t=0, 5, 15, 30 and 60min 

The area proportion of CH2/CH3 asymmetric stretch vibrations for the non-invasive cell 

line PNT2 can be seen in Figure 40. There is no apparent trend or overall pattern seen 

with respect to the CH2/CH3 proportion. There appears to be no general shift in cell 

fluidity. There is an initial increase in CH2/CH3 proportion within the first 5-minutes, 

with the proportion returning to a similar proportion to the initial t=0 min for the 

remainder of the time course from 15-minutes onwards.  
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Figure 40 – Median CH2 to CH3 asymmetric proportion of PNT2 cells treated with AA at t=0, 

5, 15, 30 and 60min 

 

The area proportion of CH2/CH3 asymmetric stretch vibrations for the non-invasive cell 

line LNCaP can be seen in Figure 41. Throughout the first 15 minutes there appears to 

be a decrease in CH2/CH3 proportion followed by a gradual increase in proportion for 

the remainder of the time course. The overall change appears to be an increased cell 

rigidity with an increase in the CH2/CH3 proportion but it should be noted that the 

change is small.  

 

 

 

 

 

Figure 41 – Median CH2 to CH3 asymmetric proportion of LNCaP cells treated with AA at 

t=0, 5, 15, 30 and 60min. 
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There appears to be a distinct difference between cellular lipids in invasive and non-

invasive cell lines when treated with AA over the 60-minute time course. The overall 

pattern seen throughout the invasive cell lines PC-3M, PC-3 and LNCaP C4-2B was a 

decrease in CH2/CH3 proportion indicating the increase of cellular fluidity. All cell lines 

appeared to have an initial decrease in proportion within the first 5-minutes, followed 

by a stabilisation period between 15-30 minutes where there appears to be little or no 

change with the CH2/CH3 proportion. This could be possible indication that AA is been 

incorporated in the lipid membrane on initial uptake, followed by PLA2 action, cleaving 

the esterified AA from the lipid membrane. Once the AA is cleaved from the membrane 

it is metabolised. This period of metabolism could result in a period where there no 

further shift in membrane fluidity. After the stabilisation period, there appears to be a 

further decrease in CH2/CH3 proportion with an increase in cellular fluidity.  

No such changes were seen in the non-invasive cell lines PNT2 and LNCaP. These cell 

lines showed no consistent trend with both increases or decreases in CH2/CH3 

proportion. The magnitude of the overall nett change in CH2/CH3 proportion was small 

in comparison to the shifts seen with the invasive cell lines, this is suggestive of natural 

cellular variation rather than a significant change in cellular lipids from AA induction.  

The results suggest that there is a difference in the AA induction mechanisms in 

invasive and non-invasive cell lines that lead to morphological cellular changes that 

increases cellular motility. The results were suggestive earlier that the non-invasive cell 

lines lacked a fundamental ability to uptake AA, whereas the invasive cell lines 

displayed spectral signatures of AA uptake and metabolism. The CH2/CH3 proportions 

also agree with the results initially displayed. If the key difference between invasive 

and non-invasive cell lines is the ability to uptake AA, then the cells motility will be 
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directly affected as a result of this. The non-invasive cell lines don’t uptake AA, 

therefore cannot restructure the lipids in a way to increase the overall cellular fluidity 

essential for motility. This lack of fluidity then directly effects the cells ability to invade 

and metastasise. 

3.7 Chemical Differences  

It has been shown that the maximum chemical variance for all invasive cell lines is 

around 15-minutes. The maximum variance is reflective of the maximum chemical 

change a cell undergoes when exposed to AA. Therefore, the chemical difference 

between time point t=0 min and t=15 min needs to be assessed for the most invasive 

cell lines PC-3M, PC-3 and LNCaP C4-2B and the non-invasive cell lines PNT2 and 

LNCaP.  

Difference spectra were produced by subtracting the median spectra of each cell line at 

t=0 min from the median spectra at t=15 min. The resulting spectrum displays positive 

values associated with a new chemical change at t=15 min, and a negative value 

associates lost chemical features whereby t=0 min displays more of a given spectral 

feature than that of the t= 15 min time point. All difference spectra were placed on axes 

of the same order of magnitude, comparing the chemical changes of each cell line 

relatively. Two ranges are examined firstly between 1000 cm–1 – 1800 cm–1 and 

secondly between 2800 cm–1 – 3000 cm–1. The difference spectra for PC-3M cells 

between 1000 cm–1 – 1800 cm–1 and 2800 cm–1 – 3000 cm–1 can be seen in Figure 42a 

and b respectively. The difference spectra for PC-3 between 1000 cm–1 – 1800 cm–1 and 

2800 cm–1 – 3000 cm–1 can be seen in Figure 43a and b respectively. The difference 
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spectra for LNCaP C4-2B between 1000 cm–1 – 1800 cm–1 and 2800 cm–1 – 3000 cm–1 

can be seen in Figure 44 respectively.  

PC-3M Median Difference Spectra 
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Figure 42 – Median difference spectra of PC-3M cells comparing t=15 min with t=0 min between 

(a) 1000 cm
–1

 – 1800 cm
–1 

and (b) 2800 cm
–1

 – 3000 cm
–1

 treated with AA. 

1738 cm–1 
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PC-3 Median Difference Spectra 
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Figure 43 – Median difference spectra of PC-3 cells comparing t=15 min with t=0 min between 

(a) 1000 cm
–1

 – 1800 cm
–1 

and (b) 2800 cm
–1

 – 3000 cm
–1

 treated with AA. 

1734 cm–1 
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LNCaP C4-2B Median Difference Spectra 
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Figure 44 – Median difference spectra of LNCaP C4-2B cells comparing t=15 min with t=0 min 

between (a) 1000 cm
–1

 – 1800 cm
–1 

and (b) 2800 cm
–1

 – 3000 cm
–1

 treated with AA. 

1732 cm–1 
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A list of spectral similarities for the invasive cell lines PC-3M, PC-3 and LNCaP C4-

2B have been made for positive peak positions and negative peak positions shown in 

and Table 4 respectively. It is obvious that the positive changes in the difference spectra 

are solely down to the changes in cellular lipids which would be expected if the cell is 

taking up AA. There are distinct changes in the CH2 and CH3 vibrations, probably partly 

relating to the shifts displayed in membrane fluidity and the general uptake, storage and 

metabolism of the fatty acid. There is also the key marker for AA uptake displayed 

between 1730 cm–1 and 1742 cm–1 associated with the C=O carbonyl stretch of fatty 

acids. A 12 cm–1 difference in wavenumber for the C=O carbonyl stretch appears rather 

large for a given vibration, it must be noted that AA is metabolised into PGE2. There is 

a ketone C=O within a cyclic 5-carbon ring. This stretch is highly specific to 1742 cm–

1. One can speculate that the C=O peak displayed more towards the 1742 cm–1 contains 

a significant amount of cellular PGE2 with a peak towards 1732 cm–1 is more associated 

with AA. The presence of cellular PGE2 is again evidence of AA uptake and 

metabolism.  

All 3 invasive cell lines have appeared to have less intensity associated with DNA and 

protein stretches from the C-O-C and PO2
– stretches and the amide I stretch respectively 

at t=15 min compared to the initial t=0 min time point. A possible explanation to this 

is AA induces upregulation of COX-2 enzymes around the nuclear envelope and in the 

rough endoplasmic reticulum. To do this, transcription needs to be undertaken. Initially 

seeing a change in cellular mRNA inducing the transcription of COX-2 expressions.  
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Table 3 – Positive common median difference spectral peaks between the cell lines PC-3M, 

PC-3 and LNCaP C4-2B. 

 

 

 

 

 

  

 Positive Spectral Positions (cm–1) 

Vibration PC-3M PC-3 LNCaP C4-2B 

CH2 Bending Lipids 1466 1460             – 

C=O Stretch Lipids 1738 1734          1742 

Sym CH2 Stretch 2851 2851          2851 

Asy CH2 Stretch 2922 2922          2926 

Asy CH3 Stretch 2955 2957          2953 

  Negative Spectral Positions (cm–1) 

Vibration PC-3M PC-3 LNCaP C4-2B 

C-O-C Stretch 

Nucleic Acids 1049 1049 1049 

 

PO2- Stretch 

Nucleic Acids 1086 1086 – 

 

 

Amide I 1657 1649 1615 

Table 4 – Negative common median difference spectral peaks between the cell lines PC-3M, 

PC-3 and LNCaP C4-2B. 
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The difference spectra for PNT2 cell lines between 1000 cm–1 – 1800 cm–1 and 2800 

cm–1 – 3000 cm–1 can be seen in Figure 45a and b respectively and the LNCaP cell lines 

in Figure 46a and b respectively. There appears to be no significant changes in cellular 

chemistry throughout the first 15 minutes for both non-invasive cell lines in both 

spectral ranges in contrast to the invasive cell lines. This again is indication that there 

is no significant uptake in AA for non-invasive cell lines. The median difference 

spectral analysis between the t=0 and t=15 min agrees with the PCA analysis carried 

out in sections 3.1 and 3.2 further indicating that the different between a motile, 

metastatic cell is potentially its fundamental ability to uptake AA, which is a great fuel 

to provide cellular energy for metastatic endeavour.   
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PNT2 Median Difference Spectra 
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Figure 45 – Median difference spectra of PNT2 cells comparing t=15 min with t=0 min between 

(a) 1000 cm
–1

 – 1800 cm
–1 

and (b) 2800 cm
–1

 – 3000 cm
–1

 treated with AA. 
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LNCaP Median Difference Spectra 
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Figure 46 – Median difference spectra of LNCaP cells comparing t=15 min with t=0 min between 

(a) 1000 cm
–1

 – 1800 cm
–1 

and (b) 2800 cm
–1

 – 3000 cm
–1

 treated with AA. 
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3.8 Chapter Conclusion  

Through FT-IRM PCA, there appears to be a difference in cellular AA uptake 

mechanisms. The invasive phenotype readily uptake AA, displaying the C=O carbonyl 

spectral features associated with AA. The maximum AA uptake occurred at 15-minutes 

for all invasive cell lines. After 15 minutes, the C=O carbonyl spectral features 

responsible for the separation in the PCA diminished throughout the remainder of the 

time course, possibly indicating AA metabolism. Throughout the time course, there is 

an apparent decrease in the CH2/CH3 area proportion, implying increased membrane 

fluidity, a key mechanism required to shift from a mesenchymal to amoeboid phenotype 

which is essential to penetrate endothelial tight cell junctions. The chemical differences 

were compared between t=0 min and t=15 min, with the main difference in invasive 

cell lines been an increase in spectral vibrations associated with the uptake of lipids.  

Non-invasive cell lines showed no separation in PCA, no change in the proportion 

analysis of cellular fluidity or no difference in spectral chemistry throughout the first 

15-minutes. It appears that the key difference between invasive and non-invasive cell 

lines is its ability to uptake AA. The invasive potential of non-invasive cell lines was 

basically non-existent compared to the invasive PC-3 cells in the invasion assays. The 

cells motility could be directly affected by the AA uptake mechanisms and possible 

indication that this shift in morphological phenotype could drive metastasis.  
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Chapter 4 

 

 

 

 

 

 

The Effect of COX-2 Inhibition on Arachidonic Uptake and Metabolism 

on Prostate Cancer Cell Lines 
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It was shown in chapter 3 that the invasive cell lines PC-3M, PC-3, LNCaP C4-2, 

LNCaP C4-2B and DU145 readily uptake AA, whereas the non-invasive cell lines 

LNCaP and PNT2 demonstrated no such behaviour. An essential enzyme which is 

required in the catalysis of AA into its bioactive downstream metabolites is COX-2. In 

chapter 3, the results are suggestive that AA is a pivotal component in prostate cancer 

invasion and metastasis.  

This chapter uses FT-IRM and PCA to further explore the effect of COX-2 inhibition 

on AA uptake and metabolism in invasive and non-invasive cell lines. If AA is the key 

driver of metastasis, then blocking the COX-2 pathway could prevent invasion and 

metastasis. This could give an indication of a potential therapeutic target for the control 

of localised prostate cancer. As prostate cancer only kills if it breaks from the localised 

site, then limiting prostate cancer cells invasive potential could limit the diseases ability 

to metastasise, making the watchful approach which is regularly implemented by 

oncologists more effective.  

4.1 COX-2 Inhibitor Selection  

COX-2 inhibitors are already widely used in medicine. They are a subclass of non-

steroidal anti-inflammatory drugs (NSAIDs), their primary actions limiting the 

production of prostaglandins, mediating inflammation, pain and pyrexia (1).  The older 

COX-2 inhibitors such as celecoxib and rofecoxib were shown to be broad with a 

reasonably good selectivity, but the drugs are also regarded as wide acting, effecting a 

wide range of physiological processes (2). A major limitation of celocoxib and 

rofecoxib is that they contain impurities (3). When carrying out a study looking at 

specific spectral changes, it is of upmost importance to know the chemical effect 
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observed is biological, rather than a cellular response to pharmaceutical impurities. N-

[2-(Cyclohexyloxy)-4-nitrophenyl]methanesulfonamide (NS398) is regarded as a 

highly selective COX-2 inhibitor with a very high purity. Therefore, throughout this 

study NS398 will be used to block COX-2.  

4.1.1 The Action of NS398 

COX-2 inhibitors target the COX-2 rather than COX-1 because of the bulky methyl 

disulphide group on NS398. COX-2 enzymes have a larger and more accessible binding 

site which allows the bulky methyl disulphide group close enough to bind, whereas 

COX-1 has a binding site much smaller, with the molecule sterically hindered limiting 

the binding with the active site, increasing the molecular efficacy towards COX-2 (4). 

The molecular structure of NS398 can be seen in Figure 47. 

 

Figure 47 – Chemical structure of NS398 
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4.2 Comparing the uptake of AA with Active and Inhibited Cellular 

COX-2 Enzymes 

 

The invasive cell lines PC-3M, PC-3, LNCaP C4-2B, LNCaP C4-2 and DU145 and 

non-invasive cell lines PNT2 and LNCaP were treated with AA for t=0, 5, 15, 30 and 

60 min with an active COX-2 enzyme. A second experiment was carried out alongside 

the COX-2 active AA exposure whereby the COX-2 enzyme was inhibited. The cells 

are exposed to AA for the same time points t=0, 5, 15, 30 and 60 min. A side by side 

study between the COX-2 active and inhibited cell lines means the direct effect of 

blocking COX-2 on AA uptake can be monitored. Both studies monitoring AA uptake 

for the COX-2 active and inhibited enzymes were carried out from the same subculture 

of cell pool (same passage number) and treated under the same experimental conditions. 

This minimises biological variability from culturing as well as any variations due to 

experimental conditions such as temperature and incubation climate.   

For the COX-2 inhibited study, all cell lines were treated with 10 µM NS398 prior to 

AA exposure. The AA treatment protocol for both COX-2 active and inhibited 

experiments remained the same as Chapter 3. The same FT-IR collection parameters 

were used as in Chapter 3 with a 4 cm–1 wavenumber resolution, 128 scans and 256 

background scans. The data processing steps used was also the same, using the cell 

finder, RMieS correction, noise reduction and vector normalisation, example spectra 

can be seen for cell line PC-3M treated with AA for t=0 min between the spectral ranges 

1000 cm–1 – 1800 cm–1 and 2600 cm–1 – 3500 cm–1 in Figure 48a and b respectively. 
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Figure 48 – FT-IR spectra of cell line PC-3M treated with AA for t=0 min between the spectral 

ranges (a) 1000 cm
–1

 – 1800 cm
–1

 and (b) 2600 cm
–1

 – 3500 cm
–1

. 

a) 

b) 
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First derivative PCA was used to assess the effect of AA exposure on cellular chemistry 

for the spectral range 1720 cm–1 – 1750 cm–1 for both invasive and non-invasive prostate 

cancer cell lines in vitro, specifically looking at cellular biochemical changes around 

the C=O carbonyl fatty acid stretch at 1732 cm–1 as a result of AA induction.  

The median value was taken for each time point cluster within the principal component 

score space. The median value will only be taken from the axis of PC1 (x co-ordinate), 

meaning all chemical spectral changes are associated with PC1. Differences in this 

median value will therefore represent changes associated with chemical variance 

explained by PC1 between time points for a given time course. Therefore, a PCA plot 

can be presented in the form of a median position plot with respect to time. The median 

value of the initial t=0 min time point was subtracted from the median values of the 

remaining time points t=5, 15, 30 and 60 min, setting the value of t=0min to 0, meaning 

the plot is relative to the initial t=0 min time point with directional transitions either 

side of the initial t=0 min cluster in the PCA score space represented simply by a 

positive or negative shift in the median positional plot.  

The first derivative PCA median positional plot for PC-3M cells treated with AA and 

COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 49. For the COX-

2 active PC-3M cells treated with AA, there is a significant shift in the positive direction 

of PC1 in the PCA score space represented by a large positive increase in median 

positional value as early as t=5 min. Maximum PCA separation can be seen at t=15 

min with the largest median positional value. The largest median position value is the 

time point with the most chemical variance compared to the initial t=0 min. The 

maximum separation is a result of increased cellular chemistry associated with the C=O 

AA carbonyl stretch at 1732 cm–1, hence suggestive of AA uptake. At t=30 min, there 
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is a directional shift in PC1 within the PCA score space, shown by the decrease in the 

median positional plot. This highlights the loss of chemical variance compared that that 

of t=15 min, loosing chemical characteristics associated with the C=O carbonyl stretch 

of AA. Finally, by t=60 min the median positional value overlaps with the initial t=0 

min demonstrating the loss of all spectral features relating to the uptake of AA, 

potentially showing AA metabolism and cellular ejection.  

When the COX-2 enzyme is inhibited, there appears to be no chemical change 

throughout the 60-minute time course. This is significant, as when the COX-2 enzyme 

is active there appears to be cellular uptake of AA and metabolism. There are minor 

fluctuations in the positive and negative direction relating to PCA separation, but the 

magnitude is insignificant, showing little biochemical variance throughout the time 

course.  

 

 

 

 

 

 

 

 

Figure 49 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line PC-3M treated with AA (blue) and 

COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 
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The first derivative PCA median positional plot for PC-3 cells treated with AA and 

COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 50. When the 

COX-2 enzyme is active, there is a significant positive shift in the median positional 

plot within the first 5 minutes. There is a further increase in positive median position at 

t=15 min. At t=30 min, there is a significant decrease in median positional value 

representing the cluster moving in the negative direction, back towards the initial t=0 

min cluster at 0. By t=60 min there is no difference between the initial t=0 min cluster, 

implying no chemical variance between the two time points. The initial shift in positive 

median value throughout the first 15 minutes represents a change in carbonyl C=O 

chemistry associated with the uptake of AA, the decrease in median positional value for 

t=30 and 60 min suggests that the cells are losing the chemistry associated with AA 

suggesting metabolic processes are underway, breaking down AA into its bioactive 

metabolites, eventually ejecting them from the cell.  

When inhibiting the COX-2 enzyme, there appears to be no real change in median 

positional value in the PCA score space. This suggests that there is no change in 

chemistry associated with AA throughout the time course. The lack of chemical change 

indicates that when the COX-2 enzyme is inhibited the PC-3 cells fail to uptake AA, in 

contrast to COX-2 active PC-3 cells, where they appear to readily uptake AA.   
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Figure 50 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line PC-3 treated with AA (blue) and 

COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 

 

The first derivative PCA median positional plot for LNCaP C4-2B cells treated with 

AA and COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 51. There 

is a major positive shift in median position in the PC1 direction within the PCA score 

from t=0 to t=5 min. There is a further increase in PCA separation in the positive PC1 

direction by t=15 min shown by the further increase in median position. There is a 

directional transition at t=30 min returning back to the initial zero value at t=0 min, 

signifying less biochemical differences associated with lipid uptake than the t=5 and 15 

min. At t=60 min, the median positional value becomes slightly negative, highlighting 

that that cells have lost all vibrational signatures of the AA and has returned to the initial 

chemical state, implying metabolism and metabolite ejection.  

When the COX-2 enzyme is inhibited, there appears to be no real trend in median 

position throughout the time course when treated with AA. There are fluctuations in 
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both positive and negative median directions, with no significant order of magnitude. 

Throughout the time course there appears to be no changes in chemistry, indicating no 

AA uptake when COX-2 inhibition has been induced.  

 

 

 

 

 

 

 

 

 

The first derivative PCA median positional plot for DU145 cells treated with AA and 

COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 52. There is an 

initial positive increase in median position in equal increments in t=5 and 15 min with 

maximum PCA separation (maximum median positional value) shown at t=15 min. 

This illustrates that the DU145 cells are becoming chemically different to the initial t=0 

min as AA induces cellular changes. The cellular chemical changes are a result of AA 

uptake, with the spectral features indicative of the C=O carbonyl stretch specific to AA 

with the separation occurring between 1720 cm–1 – 1750 cm–1. There is a directional 

transition at t=30 min with the median positional value reducing similar to that of t=5 

Figure 51 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line LNCaP C4-2B treated with AA 

(blue) and COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 
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min. The median position value almost remains constant between t=30 and 60min. The 

results suggest that AA uptake occurred in the first 15 minutes. The lowered median 

value at t=30 min would suggest that the vibrational signatures associated with AA 

have reduced, possibly highlighting AA metabolism. There is a plateau of the median 

positional value between t=30 and 60 min, showing there is little biochemical change 

between the two time points. At t=60 min, there are chemical features associated with 

intracellular AA.  

When blocking the COX-2 enzyme, there is no separation in the PCA score space 

throughout the 60-minute time course, with no common trend in time point median 

position. There are fluctuations in the negative and positive direction but insignificant 

compared to the COX-2 active median position values, implying no AA uptake. 

 

 

 

 

 

 

 

 

  

Figure 52 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line DU145 treated with AA (blue) and 

COX-2 inhibited and treated with AA (red) for t=0 , 5, 15, 30 and 60 min. 
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The first derivative PCA median positional plot for LNCaP C4-2 cells treated with AA 

and COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 53. At t=5 

min there is already a significant shift in the positive direction of PC1, followed by a 

further shift to a maximum median position value at t=15 min. By t=30 min there is a 

directional shift in the PCA score, with t=60 min showing a similar PCA separation to 

t=30 min. The directional shift indicated the development of a chemical feature which 

is the C=O carbonyl stretch of AA, and the loss of the same feature, suggesting that the 

cell is using AA in cellular metabolism.  

When inhibiting the COX-2 enzyme, there are no noticeable changes in fatty acid 

chemistry. The median positional values remain relatively constant with fluctuations in 

both the positive and negative direction of PC1 with no significant weighting. The 

results indicate that there is no AA uptake, from the minimal biochemical variance 

displayed throughout the time course in the PCA score space.  

 

 

 

 

 

 

 

  

Figure 53 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line LNCAP C4-2 treated with AA 

(blue) and COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 
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The first derivative PCA median positional plot for PNT2 cells treated with AA and 

COX-2 active (blue) and COX-2 inhibited (red) can be seen in Figure 54. For both 

COX-2 active and inhibited studies, there appears to be no separation in the PCA 

throughout the 60-minute time course represented by no change in the median positional 

plots. There are minor fluctuations in median position value for both COX-2 active and 

inhibited, but no significant changes which would suggest no AA uptake in both studies. 

The COX-2 active and inhibited median position profiles match, implying that blocking 

the COX-2 enzyme has no change in outcome regarding cellular AA uptake.  

 

 

 

 

 

 

 

 

 

 

  

Figure 54 – PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line PNT2 treated with AA (blue) 

and COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 
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The first derivative PCA median positional plot for LNCaP cells treated with AA COX-

2 active (blue) and COX-2 inhibited (red) can be seen in Figure 55. There is little 

difference between the median positional plots for both the COX-2 active and inhibited. 

There is no separation in the PCA plots for both studies. There are little fluctuations 

with insignificant magnitude in median positional, indicating that there are no cellular 

changes with respect to AA induction or uptake. Supressing the COX-2 enzyme appears 

to have no effect on the AA uptake mechanisms of LNCaP, as the cell line seems to fail 

to uptake AA with the COX-2 enzyme active.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 55 – – PCA scores median cluster position plots of FTIR spectra, examining the 

C=O stretch between 1720 cm
–1

 – 1750 cm
–1

 for invasive cell line LNCaP treated with AA 

(blue) and COX-2 inhibited and treated with AA (red) for t=0, 5, 15, 30 and 60 min. 
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4.3 Discussion  

The invasive prostate cancer cell lines PC-3M, PC-3, LNCaP C4-2, DU145 and LNCaP 

C4-2 appear to readily uptake and metabolise AA with an active COX-2 enzyme, 

whereas non-invasive cell lines PNT2 and LNCaP exhibit no such behaviour. It is clear 

that all invasive cell lines uptake AA as early as 5 minutes, with a maximum uptake 

displayed at 15 minutes. This is represented by the maximum separation in the PCA 

score space and the maximum change in the median positional plot. By 30 minutes, all 

invasive cell lines appear to have a reduced spectral profile to that of AA, specific to 

the C=O carbonyl stretch at 1732 cm–1. The non-invasive cell lines fail to display any 

biochemical variance within the 60-minute time course, with all time point clusters 

overlapping in the PCA score space and change in the median positional plots 

insignificant. This biological replicate study matches the findings in chapter 3, 

investigating AA uptake in invasive and non-invasive cell lines using PCA. The two 

studies are supportive of one another, resulting in the same conclusion. This 

demonstrates that the study is both reproducible and reliable. The results suggest that 

the difference in the invasive and non-invasive phenotype is the cells ability to uptake 

AA, and therefore metabolise the AA into its bioactive metabolites.  

Inhibiting the COX-2 enzyme had a significant effect on the AA uptake behaviour of 

the invasive cell lines PC-3M, PC-3, LNCaP C4-2, DU145 and LNCaP C4-2. This is a 

very surprising result, blocking the COX-2 enzyme appears to mute or prevent cellular 

AA uptake in invasive cell lines, represented by the lack of change in the PCA scores. 

The COX-2 enzyme is within the cell around the nuclear envelope and the rough 

endoplasmic reticulum, meaning that AA needs to diffuse through the intracellular 

cytoplasm to reach the specific binding targets to be catalysed into PGE2 through the 
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COX-2 pathway. Supressing the COX-2 enzyme should in turn simply prevent the 

metabolism of AA, but the result suggests that the invasive cells fail to even uptake AA. 

When the COX-2 enzyme is blocked, the cell stops AA from been taken into the cell. It 

is proposed that there is an unknown upstream signalling mechanism which prevents 

the uptake of AA when the cellular COX-2 enzyme is inhibited. The specifics of this 

mechanism need to be elucidated but not tackled during this study. It appears that 

invasive prostate cancer cells are highly selective in what fatty acids enter and leave the 

cell. With a blocked COX-2 enzyme, the cell has no use for AA, as it can’t be 

metabolised. It could be hypothesised that the cell realises it has no use for it, so simply 

does not allow the uptake of AA.  

Blocking COX-2 for the non-invasive cell lines PNT2 and LNCaP has no effect on AA 

uptake. When the COX-2 enzyme is active, the cell fails to uptake AA, therefore it is 

expected that no chemical change would be seen throughout the COX-2 inhibition 

investigation.   

AA stimulated mesenchymal to ameoboid transitions are already well documented, the 

results seen in this study suggests when the COX-2 enzyme is surpressed, invasive cells 

appears to loose their ability to not only metabolise AA but their ability to uptake AA 

in the first place. This in turn will have a knock on effect for the cellular regulation of 

membrane fluidity and structure: something key in the progression and metastasis of 

PCa. Prostate cancer cells requires an ameoboid phenotype to penetrate endothelial tight 

cell junctions and metastasise into the bone marrow, the preferential  PCa secondary 

site.  
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It is known that endogenous AA cell uptake is likely to be a driven effect by the heavily 

glycosolated integral membrane protein CD36 which is a binding site for fatty acids. 

Recent studies have predicted that the CD36 proteins contains a crystal structure cavity 

throughout the molecule, acting as a tunnel for fatty acid docking and transport (5). It 

is plausable that the CD36 membrane expression could influence the uptake of AA and 

there could be upstream signalling when the COX-2 enzyme is blocked to down 

regulate the CD36 expression present in the cellular membrane.  

It must be noted that throughout this investigation standard errors are quoted for the 

median positional plots. Deeper insight is needed into the margins of errors and their 

signficance associated with median positional plots. 

4.4 Invasion Assay  

An invasion assay was carried out investigating the effect of COX-2 inhibition on 

invasive potential for the invasive prostate cancer cell line PC-3. The same experimental 

protocols and time scales were followed as outlined in section 3.4, with the COX-2 

inhibited invasion assay compared to the COX-2 active invasion assay in chapter 3. For 

the COX-2 inhibition invasion assay, the cells were serum starved over night, followed 

with a 10 µM treatment of NS398 prior to AA exposure. The invasion assay was 

scratched and washed with PBS before treating with AA. The cells were treated with 

20 µM AA in cyclodextrin for 14 hours. The scratches in the invasion assay were 

imaged at t=0 hours and t=14 hours which can be seen in Figure 56a and b respectively.  
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At t=0 hours, the wound is well defined with little cellular debris remaining in the open 

wound. After 14 hours treatment the wound remains well defined and open. The COX-

2 inhibitation has supressed the PC-3 cells invasive ability when exposed to AA. The 

scrach assay data can be seen in Table 5. The migration index and percentage wound 

closure has been calculated for COX-2 inhibited PC-3 cells treated with AA. 

PC-3 COX-2 Inhibited Treated with AA 

Scratch 

Average 

Width 

Before 

Treatment 

Average 

Width 

After 

Treatment 

Migration 

Index 

Percentage 

Closure 

(%) 

1 359.9 332.1 27.8 7.7 

2 186.7 171.8 14.8 7.9 

3 365.6 334.5 31.1 8.5 

4 186.5 164.2 22.2 11.9 
Table 5 – Invasion assay data for PC-3 cells COX-2 inhibited treated with AA for 0 hours 

(before treatment) and 14 hours (after treatment) for all 4 scratches and 4 data points per 

scratch averaged. 

  

a) b) 

Figure 56 – Scratch invasion assay for PC-3 cells COX-2 inhibited and treated with AA for (a) 

0 hours and (b) 14 hours imaged at x5 magnification 960 µm x 960 µm 
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It was seen previous in section 3.4 than when the COX-2 enzyme is active, PC-3 cells 

readily invade the scratch, showing substantial wound closure over 14 hours. The 

percentage wound closure for both COX-2 active and inhibited is compared and plotted 

in Figure 57. There is a significant difference in percentage wound closure between PC-

3 cells when blocking the COX-2 enzyme compared to the COX-2 active invasion 

assay. The difference in percentage wound closure is over 40%. Blocking the COX-2 

severly limits the PC-3 cells ability to invade the surrounding environment.  

A study carried out by Patel et al. was suggestive that COX-2 inhibition supresses 

tumour invasion and growth in both PC-3 and LNCaP prostate cancer cell lines (6). This 

study concludes that the COX-2 inhibits tumour growth in both cell lines by inducing a 

G1 cell cycle block. The study could be questioned regarding the investigation 

surrounding tumour growth. The doubling time for PC-3 and LNCaP cell lines are 33 

hours and up to 68 hours respectively (7,8). It is questionable to compare the two cell 

lines when PC-3 cells double roughly twice as fast as LNCaP cells, introducing 

experimental variability. The study also treats cell lines with a broad-spectrum 

antibiotics Penicillin–Streptomycin, further introducing biological uncertainty. A study 

carried out by Ryu et al highlights the importance of antibiotic free studies showing 

Penicillin-Streptomycin exposure to cells lines introduces changes in gene expression 

and regulation (9). Brown et al. agrees with the findings of Patel et al. Showing COX-

2 inhibition limits prostate cancer invasion (10). Brown further suggests that AA is 

responsible for invasion.  

Nithipatikom et al. use a Boyden chamber assay to assess the migration in PC-3 low 

and high invasive cell lines (11). The study investigated the correlation between 

migratory potential COX-2 expression and PGE2 synthesis. It was found that both high 
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and low invasive PC-3 cell lines lost their invasive potential when COX-2 was inhibited 

with the selective inhibitor NS398, with no indication of AA membrane release or PGE2 

synthesis. Attiga et al. also carried out the same investigation on the invasive prostate 

cancer cell lines PC-3 and DU145 with the same result seen as the study carried out by 

Nithipatikom et al. (12). All studies agree with the findings seen in the PC-3 invasion 

assays and demonstrate that COX-2 inhibition prevents the invasion of prostate cancer 

cell lines. 

The PCA analyis revealed that when blocking the COX-2 enzyme in PC-3 cells, the 

uptake mechanism failed to initiate, suggesting the invasive potential is directly linked 

to a cells ability to uptake and metabolise AA. The consiquence of PC-3 cell failing to 

uptake AA results in a reduced potential to undergo morphological and biochemical 

changes, from the lack of lipid resources, fundimental building blocks for cellular 

structures. For a cell to be highly motile and induce a change in cellular phenotype, 

there needs to be morphological and biochemical changes. Without the excess cellular 

AA, the cell motility is severly reduced, as AA is known to cause increased prostate 

cancer motility and proliferation. This is potentially why there is a significant difference 

in the invasion assays between COX-2 inhibited and COX-2 active studies. Supressing 

the COX-2 enzyme induces a cellular block on the uptake of AA, and therefore hinders 

the motility, as expressed by a very low percentage wound closure compared to the 

COX-2 active study. The lack of AA uptake when the cellular COX-2 enzyme is 

inhibited will also have a direct ability for the PC-3 cell to change membrane fluidity, 

a key step in the change from an mesenchymal to amoeboid structure. This structural 

change is required to penetrate tight cell junctions of endothelial vascular cells as 

prostate cancer breaks free of the primary site. This finding could be used as a 
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therapeutic target for the management of prostate cancer. If it is known that AA is a key 

inducer of prostate cancer invasion, then by blocking the COX-2 enzyme limits the PC-

3 cells ability uptake AA and shift to an amoeboid phenotype, hence increasing the time 

the disease is localised. It must be noted that further biochemical evaluation needs to be 

carried out, with a hypothesis set for future work. 

 

 

 

 

 

 

 

 

 

 

 

4.5 A Control Study Analying the Biochemical Effect of Cyclodextrin and 

NS398 on the Global Lipid Chemistry 
 

The effect of both cyclodextrin and NS398 were analysed with respect to changes in 

chemistry associated with the C=O carbonyl chemistry between 1720 cm─1 ─ 1750 cm─1 

. This analysis is to check that the chemical behaviour observed with AA treatment is a 

PC-3 
COX-2 

Active 

PC-3 
COX-2 

Inhibited    

  

 

Figure 57 – Bar plot of the percentage wound closure of PC-3 cells after 14 hours exposure 

to AA for COX-2 active (red) and COX-2 inhibited (blue) 
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result of the fatty acids interaction with the cell, rather than a cellular reaction 

mechanism from been exposed to cyclodextrin or NS398.  

First derivative PCA analysis was carried out on PC-3 cells treated with cyclodextrin 

and also PC-3 cells treated with NS398 30 minutes prior to cyclodextrin exposure. The 

PCA analysis was represented in the form of a median positional plot taking the median 

values of PC1 for each time point and PCA separation was plotted as a function of time. 

The median positional plots for PC-3 cells treated with cyclodextrin only (blue) and 

NS398 and cyclodextrin (red) can be seen in Figure 58. Cyclodextrin appears to have 

little effect on the global lipid chemistry. It is well documented that cyclodextrin 

disrupts cellular lipid structures, but this is beyond the sensitivity of FT-IR microscopy. 

FT-IR microscopy analyses the global chemical change, noticing an increase or 

decrease in a particular cellular component. As cyclodextrin causes reorganisations of 

lipid rafts, the nett lipid content in the cell we remain the same, therefore appearing as 

no change within the FT-IR analysis. The key result is that cyclodextrin causes no nett 

change in cellular lipids as seen with exposure to AA. There is no separation in the PCA 

throughout the entire 60-minute time course, represented by insignificant shifts within 

the median positional plot.  

When treating the PC-3 cells with NS398 and then exposing the cells to cyclodextrin, 

the same result is observed. The NS398 and cyclodextrin have no effect on the nett 

global cellular lipid content throughout the 60-minute time course. This can be seen by 

the PCA experiencing no biochemical change represented by all the time points 

overlapping, illustrated by no noticable changes in the median positional plot.  
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Figure 58─ PCA scores median cluster position plots of FTIR spectra, examining the C=O 

stretch between 1720 cm
–1

 – 1750 cm
–1

 treated with cyclodextrin only (blue) and COX-2 

inhibited treated  

 

4.6 Seeded PCA Investigating the Effect of COX-2 Inhibition on AA 

uptake and Prostaglandin E2 Synthesis 
 

Seeded PCA was used to investigate the effect of COX-2 inhibition on uptake of AA 

and synthesis of PGE2 throughout the 60-minute time course for the invasive cell line 

PC-3 and non-invasive cell line PNT2 treated with AA, between the spectral range 1720 

cm–1 – 1750 cm–1. The outlined methodology of seeded PCA is available in chapter 2. 

Spectra of AA and PGE2  were taken, multiplied by x105 and added to both datasets for 

COX-2 active and inhibited PC-3 and PNT2 cells. PCA was finally carried out on the 

AA and PGE2 spiked data sets, forcing PC1 in the PCA to be the spectra of AA and 

PGE2 for the given data sets. This gives the advantage of adding specificity to the 

separation in the PCA score space. Forcing PC1 to be a specific lipid spectral profile to 

match either AA or PGE2 means that the biochemical variance within the data set can 
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be biased to investigate the effect of a given molecule, allowing spectral molecular 

profiles to be tracked throughout the time course in both PC-3 and PNT2 cell lines.  

4.7 AA Seeded PCA 

The median positional plots for the AA seeded PCA with COX-2 active (blue) and 

COX-2 inhibited (red) for cell lines PC-3 and PNT2 can be seen in Figure 59a and b 

respectively. 

The median positional plots for the AA seeded PCA of the COX-2 active PC-3 cells 

treated with AA shows a significant shift throughout the 60-minute time course. At t=5 

min median positional plot shows a shift in the positive direction away from the initial 

t=0 min zero value signifying a change in cellular chemistry specific to the spectral 

features of AA. At t=15 min there is a substantially larger shift in the positive direction 

to a maximum positional displacement. This maximum displacement suggests the 

greatest uptake of cellular AA with the spectral chemistry most representative of the 

AA spectrum in the PC1 loading. By t=30 min, the biochemical variance returns almost 

to the initial t=0 zero value with the t=60 min time point displaying no difference 

between the median positional value. The chemistry at t=30 and t=60 min is chemically 

similar to the initial t=0 min from the cell losing the spectral features of AA, probably 

due to AA metabolism and the ejection of PGE2 from the cell. The PC1 loading plot 

can be seen in Figure 60. The peak occurs around 1730 cm–1 specific to the C=O 

carbonyl stretch in AA molecules. 

When the COX-2 enzyme is blocked, no such separation is seen in the PCA, represented 

by changes or displacements in the median positional plots.  This result matches what 
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was seen previously with the unseeded PCA median positional plot in Figure 50, 

confirming the change in lipid chemistry is specific to the AA molecule.  

When looking at the AA seeded median positional plot for the non-invasive cell line 

PNT2, there appears to be no change in median positional value when treating the cells 

with for both COX-2 active and inhibited. This shows that the non-invasive PNT2 cells 

lack the fundamental ability to uptake AA as no chemical separation is seen in the 

seeded PCA. This result is supportive of the result obtained in the unseeded PCA 

median positional plot in Figure 54.  

 

 

 

 

 

 

 

 

 

 

  

a) b) 

Figure 59 a) AA seeded PCA median positional plot for PC-3 cells treated with AA COX-2 

active (blue) and COX-2 inhibited (red) and b) AA seeded PCA median positional plot for 

PNT2 cells treated with AA COX-2 active (blue) and COX-2 inhibited (red) treated for 0, 5, 

15, 30 and 60 minutes. 
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4.8 PGE2 Seeded PCA     

A FT-IR spectrum of PGE2 was collected for the spiked PGE2 PCA, which can be seen 

between the ranges 1000 cm–1 – 1800 cm–1 and 2600 cm–1 – 3500 cm–1 in Figure 61a 

and b respectively. 

 

 

 

 

 

 

Figure 60 – AA seeded PC1 Loading 
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Figure 61 – PGE2 spectrum between the spectral ranges (a) 1000 cm
–1

 – 1800 cm
–1

 and (b) 2600 

cm
–1

 – 3500 cm
–1

. 

a) 

b) 

1742 cm–1 
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 The median positional plots for the PGE2 seeded PCA with COX-2 active (blue) and 

COX-2 inhibited (red) for cell lines PC-3 and PNT2 can be seen in Figure 62a and b 

respectively. 

When the COX-2 enzyme is active in the PC-3 cell line there appears to be a significant 

change in the PGE2 seeded PCA positional plot. Any change in positional plot signifies 

a change in the cellular biochemical makeup specific to PGE2. As early as t=5 minutes, 

there is already large displacement of the positional median value, this is suggestive 

that there is PGE2 synthesis almost instantly when AA uptake occurs. The PC1 loading 

plot can be seen in Figure 63. The loading plot shows that the spectrum differs from the 

AA seeded loading plot in Figure 63. The PGE2 PC1 loading displays a peak at 1740 

cm–1 very specific to the ketone C=O stretch incorporated within the 5-carbon cyclic 

ring in the PGE2 molecule whereas the AA PC1 loading in Figure 60 had a peak at 1730 

cm–1 which is the C=O carbonyl stretch within the AA molecule. By t=15 min there is 

a maximum displacement within the median positional plot indicating a maximum PGE-

2 cellular concentration as the cellular chemistry is the most similar to the PGE2 

spectrum in PC1. At t=30 min there is a shift in the negative direction in the median 

positional plot, with the positional value becoming less positive highlighting the cells 

are losing spectral features of the PGE2. This suggests that the cell is ejecting the PGE2 

from the cell, as a high concentration of PGE2 is cytotoxic. By t=60 min, there median 

positional value has returned to a similar value of the initial t=0 min, which shows there 

is no difference in chemistry between the two time points. It has been shown that by 

t=60 min there is no excess intracellular AA present within the cell which can be 

detected by FT-IR spectroscopy. If there is no excess cellular AA then there will be no 



167 
 

PGE2 production hence why the chemistry in the seeded PGE2 positional plot mimics 

the initial t=0 min.  

When the COX-2 enzyme is inhibited, there appears to be no such changes in the 

median positional value plots representing the seeded PGE2 PCA plots. The small 

fluctuations seen in positional values are insignificant compared to that seen with the 

COX-2 enzyme active. It was already shown that blocking the COX-2 enzyme, prevents 

or inhibits the PC-3 cells ability to uptake AA. If the cell cannot uptake AA, there cannot 

be PGE2 production, as this requires the catalysis of AA. Also, if the COX-2 enzyme is 

inhibited, this blocks the pathway which is needed to produce PGE2.   

When looking at the median positional plot for the non-invasive cell line PNT2, there 

appears to be no change in median positional value when treating the cells with for both 

COX-2 active and inhibited. This indicates that PNT2 cells fail to produce PGE2 with 

both COX-2 active and inhibited investigations. This agrees with the results shown 

previously that PNT2 cells fail to uptake AA and by blocking the COX-2 enzyme has 

no effect on AA uptake. If the PNT2 cells fail to uptake AA when the COX-2 enzyme 

is both active and inhibited, there will be no PGE2 production. This is reflected by the 

results seen in the seeded PGE2 PCA. 
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4.8 Conclusion 

In the invasive cell lines PC-3M, PC-3, LNCaP C4-2B, LNCaP C4-2 and DU145 it is 

apparent that the COX-2 enzyme plays a critical role in the cellular uptake mechanisms 

of AA uptake and metabolism. When the COX-2 enzyme is active, the invasive cell 

lines readily uptake AA. When the COX-2 enzyme is inhibited, there appears to be a 

cellular block of AA uptake. It is hypothesised that there is an initial upstream 

a) b) 

Figure 62 a) PGE2 seeded PCA median positional plot for PC-3 cells treated with AA COX-

2 active (blue) and COX-2 inhibited (red) and b) PGE2 seeded PCA median positional plot 

for PNT2 cells treated with AA COX-2 active (blue) and COX-2 inhibited (red) treated for 

0, 5, 15, 30 and 60 minutes. 

Figure 63 – PGE2 seeded PC1 Loading 
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mechanism which is responsible for the cellular response preventing AA uptake. 

Invasive cells appear to be highly selective in what they uptake into their intracellular 

environment, when the COX-2 enzyme is blocked then the cell recognises that there is 

an inability to metabolise AA, therefore simply does not uptake AA. The non-invasive 

cell lines showed no indication to AA uptake for both COX-2 active and inhibited 

studies. Further highlighting that a key difference between an invasive and non-invasive 

prostate cancer phenotype is the cells ability to uptake AA. When biasing the PCA with 

the specific spectral seeds of AA and PGE2, the same result was found with greater 

specificity showing AA uptake and PGE2 synthesis.  

The invasion assays revealed that the inhibition of cellular COX-2 greatly reduced the 

invasive potential and motility of invasive PC-3 cells. This suggests that AA plays a 

critical role in the initiation of a metastatic disease. Overall it appears that AA directly 

influences both AA uptake and invasion which could be a direct effect of one another. 

The specifics to the upstream signalling mechanism are yet to be elucidated. Limiting 

the invasiveness of prostate cancer is highly promising. Preventing AA uptake in 

prostate cancer cell lines is valuable as AA is known to increase prostate cancer 

proliferation. AA is needed for motility and therefore metastasis. This therefore could 

potentially act as a therapeutic target for localised stages of the disease. If the invasive 

ability of the disease is supressed then monitoring the disease becomes easier.  
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Chapter 5 
 

 

 

 

 

The Analysis of Prostate Cancer Cell Lines Treated with Isotopically 

Labelled Arachidonic Acid Using FT-IRM 
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It was previously seen in chapters 3 and 4 that there was a noticeable difference between 

invasive and non-invasive prostate cancer phenotypes. Invasive prostate cancer cell lines 

readily uptake AA whereas non-invasive cell lines appear to lack the ability to 

intracellularly facilitate the fatty acid. When the COX-2 enzyme is blocked in invasive cell 

lines, the cells fail to uptake AA. PCA and seeded PCA were used to investigate the 

biochemical lipid changes within each cell line, investigating the C=O carbonyl stretch at 

1732 cm–1 and the C=O ketone stretch in PGE2 at 1740 cm–1. 

This Chapter further investigates the uptake mechanism of AA using FT-IRM and PCA to 

track isotopically labelled intracellular AA. AA was replaced with a deuterated form 

arachidonic-5,6,8,9,11,12,14,15-d8 acid (d8-AA). The added molecular C-D stretches 

introduces a highly unique spectral vibration which adds specificity to the molecular 

tracking of AA. Furthering the COX-2 investigation, DHA was used as a substitute to 

inhibiting the COX-2 pathway by competing with AA for COX-2 active sites.  

5.1 Molecular d8-AA and Spectral Vibration 

The isotopically labelled AA used throughout investigations is d8-AA, commercially 

available deuterated AA. Hydrogen was substituted for deuterium in the 5th, 6th, 8th, 9th, 

11th, 12th, 14th and 15th positions along the carbon backbone within the AA molecule with 

2 hydrogens replaced for deuterium across each double bond, the skeletal representation of 

d8-AA can be seen in Figure 64.  
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By replacing 8 molecular hydrogen atoms for deuterium atoms, the bonds vibrational 

frequency is reduced due to the difference in atomic mass between a hydrogen and 

deuterium. The shift in vibrational frequency means the C-D stretch is in a region of the IR 

spectrum with no other biological spectral vibrations at 2251 cm–1. This enables the 

deuterium tagged AA to be uniquely identified within the cell. With this distinctive C-D 

vibration, it is possible to produce a spectral profile following the path of AA throughout 

the time course. 

5.2 Investigating the Effect of d8-AA Uptake and COX-2 Inhibition on 

Prostate Cancer Cell Lines Using FT-IRM and Seeded PCA 

 

The same set of experiments were carried out as in Chapter 4, investigating AA uptake and 

COX-2 inhibition on the invasive cell line PC-3 and non-invasive cell line PNT2. AA was 

replaced with d8-AA with the aim of providing spectral specificity to track the d8-AA with 

the unique C-D stretch at 2251 cm–1.  

As the concentration of intracellular d8-AA is very low, the resulting spectral absorbance 

of the C-D stretches of the d8-AA will be very low. This poses the problem of spectral 

detection, distinguishing the C-D stretch peak at 2251 cm–1 from the spectral noise proves 

Figure 64 – Skeletal chemical structure of d8-AA 
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challenging. Hence, a good signal to noise ratio is essential throughout this study in order 

to detect spectral absorbances from the C-D stretches. To tackle this issue, the FT-IRM 

collection parameters were changed throughout the studies in this chapter. The number of 

background scans were changed to 1000 and number of scans were altered to 500 to 

increase the spectral signal to noise ratio. Increasing the number of scans roughly 4-fold 

has the disadvantage of increasing the spectral acquisition time linearly. Increasing the 

acquisition time also creates issues regarding the stability of the instrument and the 

temperature of the detector. The FT-IRM encountered issues when scanning for a lengthy 

amount of time with either the loss of inlet pressure for the bearings controlling the moving 

mirror causing the spectrometer to crash or loss of communication between the sample 

stage and the software. The detector temperature would sometime increase rapidly due to 

the poor vacuum seal within the detector, meaning the detectors liquid nitrogen would have 

to be replaced more frequently, making long spectral acquisitions problematic.  

Issues relating to this lengthy acquisition time was solved by increasing the spectral 

wavenumber resolution to 5 cm–1 from 4 cm–1. The speed of the data readout at 4 cm–1 is 

very slow for a large number of scans. The switch from 4 cm–1 to 5 cm–1 offers almost the 

speed of 8 cm–1 wavenumber resolution with almost the resolution of 4 cm–1. The increase 

in wavenumber resolution also smooths the spectra, as fewer data points are taken for a 

given spectral range, allowing some spectral noise to be smoothed and reduced.  

Otherwise, the same experimental protocols were followed as in chapters 3 and 4. The fatty 

acid d8-AA was delivered at a concentration of 20 µM in cyclodextrin. When blocking the 

COX-2 enzyme, the cells were treated with 10 µM NS398 30-minutes prior to d8-AA 

exposure. When the treatment was finished, cells were washed in PBS, formalin fixed for 

20-minutes and finally washed with deionised water and air dried.  



175 
 

5.2.1 Seeded PCA of d8-AA Treated Prostate Cancer Cell Lines 

A FT-IR spectrum of d8-AA was taken with the spectral range cut to                                         

2220 cm–1 – 2280 cm–1 focusing on the C-D stretch at 2251 cm–1 which can be seen in 

Figure 65. This well-defined C-D peak was used as the seed in seeded PCA with the 

spectrum of d8-AA added to both invasive and non-invasive cell lines data sets. The d8-AA 

spectrum was multiplied by 105 to bias the PCA analysis to influence the majority of the 

chemical variance in the data set to be a result of the C-D peak at 2251 cm–1. In the seeded 

PCA analysis of d8-AA treated cell lines, the spectrum in Figure 65 became the PC1 loading, 

and any changes in the positive PC1 direction are characteristic of accumulating chemical 

features of d8-AA. 

 

Figure 65 – FT-IR spectrum of d8-AA over the spectral range 2220 cm
–1

 – 2280 cm
–1

 highlighting 

the C-D stretch around 2251 cm
–1 
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The seeded PCA was carried out over the spectral range 2220 cm–1 – 2280 cm–1 looking 

for any chemical changes solely relating to the C-D stretch, a signature of the d8-AA fatty 

acid. 

A median positional plot was used to describe the separation in the seeded PCA score 

spaces for both PC-3 (blue) and PNT2 (red) treated with d8-AA for t=0, 5, 15, 30 and 60 

min shown in Figure 66. There is a significant change in the cellular chemistry of PC-3 

throughout the 60-minute time course when exposed to exogenous d8-AA. There appears 

to be a small change throughout the first 5-minutes. Comparing this to the previous results 

seen in section 3.1 and 3.2, there is a much smaller initial shift in the PCA score space. This 

is probably down to the sensitivity of the FT-IR instrument. The C-D stretch is weak 

compared to that of the C=O carbonyl stretch at 1732 cm–1 which was assessed in chapters 

3 and 4. There will be a smaller spectral absorbance attained for the C-D stretch compared 

that that of the C=O carbonyl stretch, resulting in a smaller change within the PCA score 

space. By t=15 min, there appears to be maximum displacement in the median positional 

plot, indicating maximum chemical variance compared the initial t=0 min time point. This 

maximum variance is specific to the C-D stretches within the cell, indicating cellular d8-

AA uptake. At t=30 min, there is a directional transition within the median positional plot 

demonstrating the cells are losing chemical features associated with the deuterated tag. 

Finally, at t=60 min, the cell returns to the initial t=0 value showing that the cells have 

returned to their initial state, highlighting the cells have lost all spectral features associated 

with d8-AA. The loss of the spectral deuterium tag suggests that there is metabolic catalysis 

of the d8-AA and cellular rejection of the bioactive metabolites, matching the well 

documented metabolic events associated with the AA cascade. This result agrees with the 

studies investigating PC-3 cells treated with AA in chapters 3 and 4, with all studies 
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suggesting maximum fatty acid uptake at t=15 min and loss of chemical features associated 

with the fatty acids by t=60 min. This demonstrates that the chemical cellular changes are 

specifically down to the uptake and ejection of d8-AA and AA in complimentary studies. 

The PNT2 cells appear to show no indication of C-D spectral features. The median 

positional values show no significant changes in both positive or negative directions, 

indicating no separation in the seeded PCA score space between any time points. This 

directly relates to the lack of biochemical variation seen throughout the 60-minute time 

course. This deuterated experiment matches the studies previously carried out looking at 

AA uptake in the non-invasive PNT2 cell line in chapters 3 and 4. The specificity of the d8-

AA further strengthens the conclusion that there is no d8-AA uptake in the PNT2 cell lines.  

 The isotopic label has provided validation on the chemistry previously witnessed in 

chapters 3 and 4. The unique C-D stretch has provided the molecular specificity required 

to tracking the cellular uptake of AA. This demonstrates that FT-IRM can be used to 

investigate metabolism with the technique proving sensitive enough to be able to probe and 

map specific vibrational signatures.  
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4.2.2 Seeded PCA of d8-AA Treated Prostate Cancer Cell Lines COX-2 inhibited 

The effect of COX-2 inhibition of the cellular uptake and metabolism of AA was 

investigated using d8-AA. The median positional plot for invasive cell line PC-3 (blue) and 

non-invasive cell line PNT2 (red) treated with d8-AA and COX-2 inhibited at t=0, 5, 15, 

30 and 60 min can be seen in Figure 67. The PC-3 and PNT2 cells appear to show no 

chemical change associated with the uptake of d8-AA, when blocking the COX-2 pathway. 

There are no significant changes in directionality within the median positional plot for both 

invasive and non-invasive cell lines throughout the 60-minute time course.  

This result confirms that blocking the COX-2 enzyme in invasive cell lines inhibits the cells 

ability to uptake AA. The isotopically labelled AA matches the results previously seen in 

Figure 66 – Seeded PCA scores relative median positional plots of FTIR spectra, examining the 

C-D stretch between 2220 cm
–1

 – 2280 cm
–1

 for invasive cell line PC-3 (blue) and non-invasive cell 

line PNT2 (red) treated with d8-AA for 0, 5, 15, 30 and 60 min. 
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chapter 4. Confidence can be drawn with the added specificity with the deuterated tag 

applied to the seeded PCA that no AA is entering the cell when the COX-2 enzyme is 

blocked. This further strengthens the hypothesis that there must be an upstream signalling 

mechanism preventing AA entering the cell when the active site of the cellular COX-2 

enzyme is compromised.  

 

 

 

 

 

 

 

 

 

5.3 Investigating COX-2 Inhibition via DHA and AA Competition  

An investigation was carried out examining the effect of DHA on AA uptake. We have 

shown in previous data that COX-2 has a suppressive effect on the chemistry associated 

with fatty acid uptake in figure 2. To confirm that the chemistry seen is a direct effect of 

NS398 on COX-2, we replaced NS398 with DHA, as this competes with AA for COX-2 

sites. DHA has a greater Michaelis constant (Km ) for the reaction than AA, meaning DHA 

Figure 67  – Seeded PCA scores relative median positional plots of FTIR spectra, examining the 

C-D stretch between 2220 cm
–1

 – 2280 cm
–1

 for invasive cell line PC-3 (blue) and non-invasive cell 

line PNT2 (red) treated with d8-AA and COX-2 inhibited for 0, 5, 15, 30 and 60 min. 
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will out compete AA for the COX-2 enzymatic sites due to a greater binding affinity, 

effectively supressing the COX-2 enzyme for AA metabolism. 

5.3.1 PCA of Prostate Cancer Cell Lines Treated With DHA 

A study was carried out examining the effect of DHA on the invasive cell line PC-3 and 

non-invasive cell line PNT2. Cell lines were treated with 20 µM DHA in cyclodextrin for 

t=0, 5, 15, 30 and 60 min. PCA was carried out over the spectral range 1720 cm–1 – 1750 

cm–1 studying the chemical cellular changes regarding the C=O carbonyl stretch specific to 

fatty acids at 1732 cm–1.  

A median positional plot was used to describe the separation in the PCA score space for 

both PC-3 (blue) and PNT2 (red) cell lines treated with DHA over a 60-minute time course 

which can be seen in Figure 68.  

The PC-3 cells experienced a change in intracellular lipid chemistry when exposed to the 

exogenous supply of DHA. There appears to be a large positive displacement in the median 

positional plot as early as t=5 min with respect to the initial t=0 min time point. This 

suggests the PC-3 cell line are showing characteristics of the C=O carbonyl stretch specific 

to fatty acids, suggesting there is cellular DHA uptake, just as was seen using AA. There is 

a maximum displacement seen at t=15 min highlighting the greatest separation in the PCA 

score space. At t=30 min, there is a large decrease in median positional value showing a 

directional change in the PCA score space and indicating that the cellular chemistry is 

becoming more representative of the initial t=0 min. Finally, by t=60 min, there is a further 

decrease in biochemical variance within the data set shown by a decrease in median 

positional value. It appears that after t=15 min the cells are losing the spectral features of 

the C=O carbonyl stretch implying cellular metabolism.  
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The PNT2 cell line demonstrated no change in chemical variance throughout the 60-minute 

time course. The non-invasive cell line appeared to show no indication of DHA uptake 

reflected by no significant directional changes in the median positional plot. The results are 

suggestive that there are similar fundamental cellular mechanisms which prevent AA and 

DHA uptake in non-invasive cell lines.  

 

 

 

 

 

 

 

 

 

5.3.2 Seeded PCA of Prostate Cancer Cell Lines Treated with DHA and AA 

The cell lines PC-3 and PNT2 were treated with equal concentrations of 20 µM d8-AA and 

DHA and exposed for t=0, 5, 15, 30 and 60 minutes. The same protocol was used for the 

d8-AA seeded PCA as previously described in this chapter. Seeded PCA was carried out 

over the spectral range 2220 cm–1 – 2280 cm–1 solely investigating the chemical changes 

associated with deuterium uptake through the C-D stretch at 2251 cm–1.  

Figure 68 – PCA relative median positional plots of FTIR spectra, examining the C=O stretch 

between 1720 – 1750 cm 
–1  

 for PC-3 (blue) and PNT2 (red) cells treated with DHA for 0, 5, 15, 30 

and 60 min. 
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The seeded PCA median positional plot of PC-3 (blue) and PNT2 (red) cell lines treated 

with d8-AA and DHA can be seen in Figure 69. The PC-3 cells treated with both d8-AA and 

DHA showed an interesting result. It appears that there are no chemical changes associated 

with the C-D stretch at 2251 cm–1 and therefore no evidence of d8-AA uptake. There are no 

significant changes in the median positional plot and hence the seeded PCA score 

throughout the 60-minute time course. It was shown that PC-3 cells readily uptake and 

metabolise d8-AA in the seeded PCA in Figure 66. When DHA is added, there appears to 

be a block on the d8-AA uptake, the same result as when blocking the COX-2 enzyme with 

NS398. PC-3 cells readily uptake DHA, as indicated by the result in Figure 68, when 

introduced into a cellular system with d8-AA. It is suggested that the cell does not allow 

intracellular access to d8-AA over DHA. The DHA acts as a COX-2 inhibitor just like the 

NS398 due to its substantially greater COX-2 affinity and km value. There is no indication 

of any deuterium within the cells which is conclusive of no d8-AA uptake. This implies the 

cell selectively chooses DHA over d8-AA. This ties in with the two hypotheses made in 

chapters 3 and 4 that cells are more selective than initially thought and when inhibiting the 

COX-2 pathway the cells initiate an upstream signalling mechanism to prevent cellular 

uptake of AA. This finding demonstrates that the results seen blocking AA uptake with 

NS398 and DHA is a genuine chemical effect rather than a cellular response to NS398.  

The PNT2 cells display no changes in chemistry when treated with both DHA and d8-AA. 

There are no significant changes in median positional value showing no change within the 

seeded PCA score. It is shown that PNT2 cells neither uptake DHA or d8-AA. This would 

be expected, as PNT2 cells shown no indication of d8-AA or DHA uptake when treated 

individually.  
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5.4 Conclusion 

The deuteration of AA proved a valuable study in the validation of AA uptake in invasive 

and non-invasive cell lines. It was apparent that there were deuterated spectral signatures 

in the invasive cell lines, whereas no such species were detected within non-invasive cell 

lines. This further indicates that non-invasive cell lines lack the fundamental ability to 

uptake cancer fuelling fatty acids such as AA and d8-AA. The ability to uptake AA appears 

to be a key difference between an invasive and non-invasive phenotype, and potentially a 

pivotal driver in the progression of the disease.  

When the COX-2 enzyme was inhibited, there appeared to be no deuterated spectral 

signatures indicative of d8-AA uptake for both invasive and non-invasive cell lines. This 

Figure 69 – PCA relative median positional plots of FTIR spectra, examining the C–D stretch 

between 2200 – 2300 cm 
–1 

 for PC-3 (blue) and PNT2 (red) cells treated with  both DHA and d8-

AA for 0, 5, 15, 30 and 60 min.  
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further supports the hypothesis that there must be an upstream signalling mechanism 

preventing AA to enter the invasive cell lines. 

DHA appears to have the same effect as AA on invasive and non-invasive cell lines. 

Invasive cells showed spectral chemistry associated with the C=O carbonyl stretch at 1732 

cm–1 with no such behaviour witnessed for non-invasive cell lines. When using DHA as a 

COX-2 inhibitor, the same result is seen as when using NS398. The invasive and non-

invasive cell lines showed no change in C-D spectral features within the cell throughout 

the 60-minute time course. The chemistry appears genuine, the cells initiate an AA block 

from muting the activity of the COX-2 enzyme. Invasive cell lines readily uptake both AA 

and DHA in individual separate studies. When combined in equal concentrations, the cell 

accepts DHA and rejects the d8-AA. This further implies that cells are highly selective, with 

an ability to reject a fatty acid species on the recognition of a double bond position. Why 

this happens is currently unknown.  
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Chapter 6 

 

 

 

 

 

 

The Analysis of Arachidonic Acid Uptake and Cellular Distribution in PC-

3 Cells with Active and inhibited COX-2 Using Fluorescence Microscopy 

and FT-IRM imaging 
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In chapters 3-5, it has been shown that PC-3 cells readily uptake AA, the uptake mechanism 

arresting when inhibited by COX-2. The specific cellular lipid distribution has not yet been 

defined. Therefore, in this chapter, fluorescence microscopy (FM) will be coupled with FT-

IRM imaging to show the intracellular structure and distribution of AA. The FT-IRM 

imaging will be used at both low and high-magnification, using a pixel size of 5.5μm x 

5.5μm and 0.7μm x 0.7μm respectively.  

6.1 Studying the Effect of AA on PC-3 Cells through Fluorescence 

Microscopy 

 

 Invasive PC-3 cells were treated with AA and formalin fixed at t=0, 5, 15, 30 and 60 

minutes. Standard culture protocols were used throughout this investigation with the 

experimental methodology defined in chapter 2. For the FM investigation, cells were 

treated with Nile-red 30-minutes prior to AA exposure. The images were taken with a 

Nikon Eclipse 90i. The exposure time was set to 6 s, which was chosen on a trial and error 

basis. This parameter was optimised purely looking for the maximum signal without 

saturating the image. Nile red fluorescence was imaged using a 465 – 495 nm excitation / 

515 – 555 nm emission channel resulting in a green fluorescent image. The green 

fluorescence of Nile red is highly sensitive and specific towards lipid droplets (1), making 

the green filter ideal for tracking AA uptake.  

The FM images of replicate 1 and 2 treating PC-3 cells with AA at t=0, 5, 15, 30 and 60 

can be seen in Figure 70 and Figure 71. For replicate 1 in Figure 70, the cellular 

fluorescence is minimal at t=0 min, masking and defining the overall shape of the PC-3 

cells. As early as t=5 min, there appears to be a change in cellular fluorescence. The 

outlines of the cells appear sharp and defined, with an increase in cellular fluorescence. 
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This could potentially be uptake and incorporation of AA within the cell membrane, but 

x10 magnification is too low to be conclusive of membrane incorporation. At t=15min, 

there appears to be an even greater increase in the overall cellular fluorescence, indicating 

further AA uptake. By t=30min, there appears to be intracellular pooling of the AA, with 

defined lipid droplets within the cells. Finally, at t=60min, the cellular fluorescence has 

significantly decreased, with noticeably reduced intracellular stores of AA. The sudden 

drop in cellular fluorescence could be further indication of AA metabolism and cellular 

ejection. The trend and time scale observed in this fluorescence study is similar to the time 

scale and is consistent with the chemical changes observed previously with the PCA of 

lipid uptake in PC-3 cells seen in section 3.1. 

Replicate 2 in Figure 71 mimics the same trend as seen in replicate 1. At t=0 the cellular 

fluorescence is minimal, representing the basic lipid makeup of the PC-3 cells. By t=5 and 

15 min, there is an increase in cellular fluorescence, with lipid droplets present within the 

cell. At t=30 min there appears to be maximum cellular fluorescence with time t=60min 

loosing significant cellular fluorescence, implying AA uptake, metabolism and cellular 

rejection.  
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a) b) 

c) d) 

e) 

Figure 70 – COX-2 active PC-3 cells treated with AA investigated by FM images tracking the 

uptake and distribution of AA for (a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 

min (replicate 1) imaged at x10 magnification 750 µm x 750 µm 
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a) 

c) 

e) 

b) 

d) 

Figure 71 – COX-2 active PC-3 cells treated with AA investigated by FM images tracking the uptake 

and distribution of AA for (a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 min 

(replicate 2) imaged at x10 magnification 750 µm x 750 µm. 
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Fluorescent quantification has been carried out using ImageJ, a free licence image analysis 

software. This software enables the intensity of cellular fluorescence within the image to 

be quantified by measuring pixel intensity. The raw intensity of each cell was taken and 

divided by the cell area to normalise the intensity value. This was carried out as raw cellular 

fluorescent is a function of cell size. A larger cell will naturally have a greater raw intensity 

than a smaller one, so if the cellular intensity is divided by its area, then a like-for-like 

comparison between individual cell intensities can be drawn. The image background was 

then subtracted from the normalised cell intensity, providing the absolute intensity value. 

The mean cellular intensity for each time point was then plotted as a function of time. The 

normalised intensity plots for replicate 1 and 2 investigating PC-3 cells treated with AA at 

t=0, 5, 15, 30 and 60 min can be seen in Figure 72a and Figure 72b respectively. 

The same conclusion can be drawn from the quantification of cellular fluorescent intensity. 

In both instances, there is an increase in fluorescent intensity up to t=30min, highlighting 

an increase in intracellular concentration of AA followed by a decrease in fluorescent 

intensity at t= 60 minutes, representing a decrease in intracellular stores of AA indicating 

metabolism and cellular rejection.  

Interestingly, when comparing t=5 min for replicate 1 and 2 in Figure 72a and Figure 72b 

respectively, there is a significant difference in cellular fluorescent intensity, with replicate 

1 displaying an increase by almost 10 units. This could simply be natural variation between 

replicates, as it shows the overall same trend in cellular fluorescence. Cellular temperature 

could have also played a role in the difference of fluorescent intensity between replicates 1 

and 2. When initially treating the cells with AA, the cells need to be removed from the 

incubator, where they were kept at 37 oC with an atmosphere at 5% CO2 v/v. The medium 

is removed and replaced with a medium containing 20 μM AA and the cells are placed back 
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into the incubator until a specific time point, in this case 5 minutes, when they are formalin 

fixed. During this process, there are potential sources to create experimental variance in 

culture temperature. Replicate 2 could have been slightly longer outside of the incubator, 

resulting in a lower media temperature. As metabolism is temperature dependant, a small 

change in medium temperature could result in a slower initial uptake of AA. Also, the 

temperature of the AA rich medium which was added needs to be considered. If the AA 

rich media of replicate 2 was again slightly cooler than replicate 1, the consequence would 

be the same. A slower uptake would result in a reduced initial fluorescent intensity. When 

comparing the remaining time points between replicate 1 and 2, the fluorescence appears 

on a similar scale. 

Interestingly, the overall trend and shape of the normalised fluorescence plots for AA 

uptake in PC-3 cells matches the shape of the median positional plots chapter 4. This further 

highlights that the lipid uptake monitored through PCA agrees with the FM.  
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a) 

b) 

Figure 72 – Normalised fluorescent intensity for FM nile red analysis of AA uptake in COX-2 

active PC-3 cells for t=0, 5, 15, 30 and 60 min for (a) replicate 1 and (b) replictae 2. 
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6.2 Studying the Effect COX-2 inhibition on AA Uptake in PC-3 Cells 

through Fluorescence Microscopy 

 

PC-3 cells were COX-2 inhibited with NS398 30-minutes prior to AA exposure and then 

treated with Arachidonic acid and finally formalin fixed at t=0, 5, 15, 30 and 60 minutes. 

Replicates 1 and 2 can be seen in Figure 73 and Figure 74 respectively.  

Replicate 1 appears to remain uniform in fluorescence throughout the 60-minute time 

course. When comparing time points, the very uniform fluorescence indicates no change in 

lipid content. Replicate 2 displays the same behaviour again when looking at the overall 

trend between time points. There appears to be no AA uptake throughout the 60-minutes 

time course.  

When comparing replicate 1 and 2, there appears to be a difference in background 

fluorescence. The fluorescence throughout replicate 2 remains uniform but when compared 

to replicate 1, appears to have a higher fluorescence at all time points. Experimental 

variability could have been introduced that may have increased the background 

fluorescence of replicate 2. An excess of unbound Nile-red may have been present in the 

culture media from insufficient washing of the cells before treatment, in turn increasing the 

fluorescence from the background and culture media. The culture dish may co-add to the 

fluorescence background. If the culture substrate was slightly different, this may result in 

an increased background fluorescence. 
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a) 

c) 

e) 

b) 

d) 

Figure 73 – COX-2 inhibited PC-3 cells treated with AA investigated by FM images tracking the 

uptake and distribution of AA for (a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 

min (replicate 1) imaged at x10 magnification 750 µm x 750 µm. 
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a) b) 

c) d) 

e) 

Figure 74 – COX-2 inhibited PC-3 cells treated with AA investigated by FM images tracking the 

uptake and distribution of AA for (a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 

min (replicate 2) imaged at x10 magnification 750 µm x 750 µm. 
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Quantitative analysis has been carried out comparing the absolute cellular fluorescence 

examining the effect of COX-2 inhibition on AA uptake.  The intensity plots for replicates 

1 and 2 can be seen in Figure 75a and Figure 75b respectively.  

For replicate 1, the cellular fluorescence remains relatively constant throughout the 60-

minute time course with no significant changes in fluorescent intensity. Replicate 2 appears 

to have a slight increase in absolute fluorescence throughout the whole-time course when 

comparing it to replicate 1. Replicate 2 also has a significantly higher starting fluorescence 

for both t=0 and 5 min than replicate 1. A potential reason for a difference in florescence 

at t=0min could be temperature. As the fluorescence microscope does not have stage 

heating, replicate 2 could have had a greater starting temperature. Changes in temperature 

affect the viscosity of the medium, in turn directly effecting the collisions between lipid 

molecules and the fluorophore. Fluorescence is highly sensitive to changes in temperature 

with many fluorophores showing fluorescence is temperature dependant (2).  

Overall, the trends of replicate 1 and 2 agree with the same conclusion drawn. COX-2 

appears to have a significant effect on the cell’s ability to uptake AA. When COX-2 is 

inhibited, there were no significant changes in the absolute cellular fluorescence. No 

change in cellular fluorescence is conclusive evidence that the overall nett cellular lipid 

content remained unchanged throughout the time course for both replicate 1 and 2. This 

agrees with the results obtained in chapters 4 and 5, further strengthening and validating 

the hypothesis that there must be an upstream signalling mechanism which prevents the 

uptake of AA when the COX-2 enzyme is supressed.  
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a) 

b) 

Figure 75 – Normalised fluorescent intensity for FM nile red analysis of AA uptake in COX-2 

inhibited PC-3 cells for t=0, 5, 15, 30 and 60 min for (a) replicate 1 and (b) replictae 2. 
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6.3 Investigating the Cellular Distribution of AA Using Low Magnification 

FT-IRM Imaging For COX-2 Active and Inactive PC-3 Cells Treated with 

AA. 

 

There is a need to investigate the chemical distribution of AA within the cell. From the x10 

magnification FM study, AA appears to free pool in the form of droplets within the cellular 

cytosol.  

To investigate the cellular distribution of AA, FT-IRM images were collected of PC-3 cells 

treated with AA with COX-2 both active and inhibited at t=0, 5, 15, 30 and 60 min. The 

C=O carbonyl stretch between 1720 cm–1 – 1750 cm–1 specific to fatty acids will be used 

to track the uptake and metabolism of AA. Mapping this peak should in turn produce FT-

IR chemical images that are relatable to the FM investigations carried out. The area under 

the curve between 1720 – 1750 cm–1 will be used as a function of time to map AA. The 

area under the peak was used as to peak intensity as peak area is more representative of the 

complex cellular environment with molecules experiencing many different interactions, 

particularly lipids. As a carbonyl C=O bond is polar, it will experience different extents of 

molecular hydrogen bonding, meaning vibrational frequencies will shift, taking the area 

under the curve between 1720 – 1750 cm–1 will account for various frequencies associated 

with AA. 

When treating the cells with AA, the only molecular change to the exogenous cellular 

environment is the concentration of AA. Therefore, the assumption was made that the 

cellular protein content remains constant. Making this assumption allows the area under 

the amide I and II to act as a normalising factor. The ratio of the peak C=O carbonyl stretch 

area and the combined amide I and II peaks area was taken creating a heat map for both 

COX-2 active and inhibited studies treating PC-3 cells, with AA at t=0, 5, 15, 30 and 60 
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minutes, shown in Figure 76a – Figure 76e and Figure 77a and Figure 77e respectively. 

Regions of high lipid vibrations appear white, with low concentrations appearing darker in 

colour.  

Firstly, looking at the COX-2 active FT-IR chemical heat maps for PC-3 cells treated with 

AA in Figure 76; at t=0 min, the intensity of the C=O carbonyl stretch is minimal appearing 

dark in colour throughout the chemical image. By t=5 min, there appears to be a sizable 

increase in intensity, appearing to show huge increases in lipid content around the cell 

membranes. There appears to be a maximum intensity at t=15 min, showing the greatest 

AA uptake. At t=30 and 60 min, the intensity appears to have reduced. This is suggestive 

that the cell has lost AA molecules by cellular metabolism and rejection. The chemical FT-

IR mapping is consistent to what was seen in the FM imaging of PC-3 cells treated with 

AA. The overall intensity pattern matches the FM, with the cellular distributions also 

appearing around the membrane and within the cell’s cytosol.  

When looking at the COX-2 inhibited FT-IR chemical lipid heat map for PC-3 cells treated 

with AA in Figure 77, there are no differences in heat map intensity throughout the 60-

minute time course. The overall C=O carbonyl stretch intensity remains uniform across all 

time points. These chemical images match the FM investigations and show no AA uptake 

through COX-2 inhibition.  
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a) b) 

c) d) 

e) 

Figure 76 – COX-2 active PC-3 cells treated with AA investigated by FT-IR lipid heat map of the 

C=O carbonyl stretch between 1720 cm
–1

 – 1750 cm
–1

 with an image size of 704 µm x 704 µm for 

(a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 min. 
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a) b) 

c) d) 

e) 

Figure 77 – COX-2 inhibited PC-3 cells treated with AA investigated by FT-IR lipid heat map of 

the C=O carbonyl stretch between 1720 cm
–1

 – 1750 cm
–1

  with an image size of 704 µm x 704 µm 

for (a) t=0 min, (b) t=5 min, (c) t=15 min, (d) t=30 min and (e) t=60 min. 
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PC-3 cells were exposed to AA for 15 minutes and imaged using the imaging setting 

brightfield by a Nikon Eclipse 90i microscope at x20 magnification which is shown in 

Figure 78. The cells were exposed to AA for 15 minutes because all previous studies have 

suggested that PC-3 cells show maximum AA uptake at this time point.   

There are distinctly different cell phenotypes on display within the image. AA has induced 

morphological changes within the culture of PC-3 cells.  Both mesenchymal and amoeboid 

phenotypes can be seen, key morphological changes required in cellular motility and 

invasion. Within the diagram key structures are labelled. Firstly, (A) shows the formation 

of lipid droplets close to the cell membrane in the cell cytosol. This agrees with the result 

obtained in the Nile red study in Figure 71c, where lipid droplets were observed through 

FM. Secondly, (B) represents amoeboid protrusions or lamellipodia, these protrusions 

apply a large force to tight cell junctions in the endothelial vascular lining during 

intra/extra-vasation during metastasis, as well as a key organelle in cell motility. Finally, C 

represents a mesenchymal structure; PC-3 cells in their native state possess this 

morphology. Interestingly, most of the lipid droplets occur within amoeboid structures. A 

key morphological structure prostate cancer cells must have in order to undertake 

intravasation. AA increases prostate cancer proliferation, a possible indication that AA 

stimulated amoeboid transitions play a role in the progression of the disease.  
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6.4 Investigating AA Distribution within PC-3 Cells Using High 

Magnification FT-IRM 

 

High magnification FT-IRM was used to attempt to chemically define through FT-IRM 

and locate intracellular structures, something which has rarely been applied. The deuterated 

form of AA, d8-AA was used throughout this investigation, with the attempt to isolate lipid 

pools and droplets through the highly unique and distinct C-D stretch at 2251 cm–1 specific 

to d8-AA.  

A 

B C 

Figure 78 PC-3 cells treated with AA and formalin fixed imaged at x20 magnification with an 

image size of 480 µm x 480 µm displaying (A) Lipid droplets formed inside amoeboid phenotypes 

and (B) amoeboid protrusion typical of invasive phenotypes and (C) – Mesenchymal phenotype 
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 All cells analysed were treated for 15 minutes (the length of time maximum uptake occurs) 

and formalin fixed. Collecting high magnification FT-IR spectra of high enough quality to 

map C-D vibrations over a given hyperspectral image is both complex and problematic. 

Instrument optimisation proved pivotal for spectral acquisition when using the high 

magnification setup. The FT-IR collection parameters that have been optimised are the 

number of scans and background scans, spectral resolution, condenser alignment, power of 

IR source, and the number of out of range (OOR) pixels of the FPA detector.   

6.4.1 Condenser Alignment 

Initially, problems arose when collecting FT-IRM high magnification images. Spectra with 

very low absorbances with oscillatory features were acquired when collecting a FT-IR 

background with uneven intensity displayed in the spectral chemical image, seen in  Figure 

79. 

  

Figure 79 (Left) FT-IR high magnification background chemical image  90 µm x 90 µm and  

(Right) high magnification mean background spectrum with poor condenser alignment. 
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The very low intensity distribution appeared to be heading to a maximum in the top right 

of the image, when ideally the maximum intensity would be seen in the centre of the 

spectral image. This is a good indication that the condenser was poorly aligned.  

The condenser alignment was changed manually via tightening and loosening screw 

threads in the condenser itself. The background was recollected after a trial and error 

process optimising the condenser alignment with the resulting spectrum displayed in Figure 

80.  

 

Figure 80 – High magnification FT-IR mean background spectrum with good condenser 

allignment 

The background spectrum absorbance is at a value which can be used in image acquisition. 

The spectrum noise is substantially better with chemical features of calcium fluoride well 

defined. It must be noted that the condenser alignment was highly sensitive and easily 

strayed off line. Each day, the condenser was realigned to obtain optimum spectral 

absorbance.  
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6.4.2 High Magnification FT-IR Parameter Optimisation 

The main problems faced were the detector signal intensity and the spectral SNR, as the 

number of photons hitting the detector is considerably lower in a high magnification setup. 

Initially, the aperture was fully opened to increase the amount of IR on the sample, with 

the source set to boost (increasing the intensity of IR produced by the source), increasing 

the intensity of IR hitting the sample, combatting the low signal and number of photons 

reaching the detector. The number of scans and background scans were taken in a ratio of 

1:1. This was assessed stepwise in 1000 steps up to 4000 scans. The instrument stability 

significantly decreased beyond this point and the spectrometer encountered errors. The 

spectral resolution was set at 10 cm–1 to increase acquisition speed. The integration time 

was adjusted so the number of OOR pixels was <1% to again further increase the signal 

intensity. The FT-IR collection parameters have been outlined in  

 

Table 6. 

 

 

 

 

Table 6 – High magnification FT-IR optimised collection paramters.  

 

After parameter optimisation, the average spectrum of a cell was taken to assess the quality, 

which can be seen in Figure 81. The Overall SNR is good with DNA bands around 1000 – 

Collection Parameters 

Integration Time  0.182 ms 

Spectral Resolution  10 cm-1 

Number of Scans  4000 

Number of Background Scans  4000 

OOR pixels < 1% 
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1250 cm–1, amide I and II at 1680 cm–1 and 1540 cm–1 respectively and the lipid CH2 and 

CH3 stretches between 2800 cm–1 – 3000 cm–1 appearing clear and well defined, the signal 

intensity albeit lower than usual but to be expected with the high magnification setup.  

 

 

 

 

 

 

 

 

6.4.3 High Magnification FT-IR False Colour Images 

False colour images were generated from high magnification FT-IR spectra. The 

fundamental chemical constituents of each cellular structure were analysed. The nucleoli 

are condensed structures of DNA, therefore containing strong PO4
– phosphate stretches at 

1080 cm–1. Mapping the area under the phosphate stretch at 1080 cm–1 should provide the 

cellular location of nucleoli. The nucleoplasm contains chromatin, a chemical combination 

of histone which is a protein and DNA. By combining the areas under the amide I and II 

peaks with the area under the phosphate stretch at 1080 cm–1 and setting a sharp contrast 

filter should provide the location of the nucleoplasm. This in turn should differentiate 

between regions of solely high DNA content from areas of high DNA and protein content, 

Figure 81 – An example of a good cellular average spectrum using high magnification FT-IRM 
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distinguishing between the nucleoli and the nucleoplasm. Finally, lipid droplets will be 

located by mapping the area under the highly specific C-D stretch at 2251 cm–1. 

Cells with an amoeboid phenotype were investigated. These amoeboid phenotypes are 

regarded as a key structure in driving metastasis and invasion. Therefore, it is of interest of 

identify intracellular structures and distribution of AA within the cell. 

Cell 1  

The high magnification FT-IR chemical images for cell 1 can be seen in Figure 82 – (a) 

microscopic image x25 magnification, (b) false colour image of nucleoplasm, (c) false 

colour image of the nucleoli and (d) chemical heat map of d8-AA. Overall, the high 

magnification FT-IR chemical images have defined the outline of the cell and its structures 

in reasonable detail. The cell contains fine amoeboid protrusions around the outside of the 

cell which can be seen in microscopic image (a). These fine details have not been captured 

within the high magnification FT-IR chemical images, demonstrating the sensitivity of the 

instrument and the signal to noise ratio was unable to mask these small architectural 

structures. The cells nucleoplasm is well defined when comparing the microscopic image 

(a) and nucleoplasm chemical image (b). Combining the phosphate and protein stretches 

has displayed the histone and protein within the nucleoplasm. Within the nucleoplasm there 

is a defined hole. This hole is the region of condensed DNA in the nucleoli. The chemical 

heat map was sensitive enough to separate DNA and protein peak areas from solely DNA 

peak areas of the nucleoli. The chemical image map of the nucleoli can be seen in (c). If 

chemical images (b) and (c) were superimposed, the DNA location in image (c) would fit 

into the hole in the nucleoplasm in image (b). Finally, the false colour image for d8-AA in 

(d) reveals that the majority of the fatty acid is pooled around the membrane of the cell with 
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regions of intracellular supplies. The heat map is isn’t defined enough to be definitive of 

the presence of lipid droplets.  

 

 

 

 

 

 

 

 

 

A spectrum was collected for both the most intense and least intense pixel within the C-D 

d8-AA chemical image (d) which are displayed in Figure 83a and Figure 83b respectively. 

The spectral range displayed is between 2240 cm–1 and 2260 cm–1 to specifically highlight 

the C-D peak differences at roughly 2251 cm–1. The regions of high intensity within the d8-

AA chemical images clearly display the presence of d8-AA within the cell, whereas low 

intensity regions express no such spectral features.  

 

 

  

a) b) 

c) d) 

Figure 82 – (a) microscopic image x25 magnification and chemical heat maps of high 

magnification FT-IR images identifying the structures (b) nucleoplasm, (c) nucleoli and (d) lipid 

droplets. Image size 90 µm x 90µm. 
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Cell 2 

The high magnification FT-IR chemical images for cell 2 can be seen in Figure 84 – (a) 

microscopic image x25 magnification, (b) false colour image of nucleoplasm, (c) false 

colour image of the nucleoli and (d) chemical heat map of d8-AA. Comparing the 

microscopic image (a) with the nucleoplasm chemical heat map (b), it appears that the false 

colour image highlights the nucleoplasm in the microscopic image well. Again, there 

appears to be well defined holes in the nucleoplasm which is the nucleoli displayed in the 

nucleoli heat map (c).  Finally, there appears to be d8-AA present around the edges of the 

cell, with significant accumulation of the fatty acid pooling in the cell cytosol close to the 

cell membrane. These regions of accumulation are likely to be lipid droplets 

 

 

  

a) b) 

Figure 83 – High magnification FT-IR spectra of the C-D peak at 2251 cm
–1

 for the (a) highest 

chemical map pixel intensity and (b) lowest chemical map pixel intensity. 



211 
 

 

 

 

 

 

 

 

 

 

It appears that high magnification FT-IRM has the ability to define sub cellular structures. 

The optimisation of the instrument has played a key role in been able to identify key spectral 

characteristics relating to the chemical makeup of specific organelles. Issues with the signal 

to noise ratio was overcome, with defined C-D stretches outside spectral noise. The 

intracellular distribution of d8-AA was found to be incorporated or pooled around the 

cellular membrane.  

Further high magnification FT-IR images were taken to identify lipid droplets. The area of 

the C-D peaks at 2251 cm–1 were mapped with a cosine smoothing filter applied. The heat 

map was set to black and white, with regions of white relating to regions of C-D absorbance, 

providing a sharper contrast. The microscopic images at x25 magnification coupled with 

its respective C-D heat map can be seen in Figure 85 – cell 3, Figure 86 – cell 4 and Figure 

87 – cell 5. 

a) b) 

c) d) 

Figure 84 – (a) microscopic image x25 magnification and chemical heat maps of high 

magnification FT-IR images identifying the structures (b) nucleoplasm, (c) nucleoli and (d) lipid 

droplets. Image size 90 µm x 90µm. 
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Cells 3, 4 and 5 all appear conclusive in the uptake of d8-AA. All chemical images are 

positive of spectral signatures of d8-AA. There are large pools of d8-AA in cells 3, 4 and 5, 

with bead like droplets present in the intracellular cytosol. The C-D heat maps clearly 

define the areas of condensed DNA in the nucleoli, regions that are without lipid species.  

The study by Jamin et al. was able to map specific functional groups throughout a cell, 

specifically investigating the proteins, lipids and nucleic acids with synchrotron FT-IRM 

and FM (3). Another study carried out by Gazi et al. looked directly at motile PC-3 cells 

using synchrotron FT-IRM (4). Gazi specifically looked at lipid distributions of the CH2 

and CH3 stretches and cellular protein distributions of the amide I and II vibrations. The 

study was able to use lipid false colour images to map cellular organelles. In this study, no 

cellular organelles were identified using the CH2 and CH3 lipid stretches. The increased 

specificity was needed to identify lipid droplets using a deuterated tag mapping the C-D 

stretch at 2251 cm–1. It could be questioned that the study conducted by Gazi et al.  had 

spectral distortions from Mie scattering as the RMieS correction algorithm was not 

available. Mie scattering distortions could directly affect the lipid vibrations between 2800 

cm–1 – 3000 cm–1 adding variability between studies.  

FT-IRM has demonstrated the ability to locate intracellular lipids through isotopic 

labelling. The deuterium has given specific spectral markers which can be used to locate 

the deuterated species d8-AA. The lipid droplets appeared to accumulate mainly around the 

cellular membrane, which would be the primary location through the uptake mechanisms. 

Uptake mechanisms incorporate AA within the membrane through esterification, followed 

by PLA2 enzyme cleavage into the intracellular cytosol, exactly where the majority of the 

d8-AA is located. 
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Figure 85 – (a) microscopic image x25 magnification and chemical heat map of high magnification 

FT-IR image identifying (b) d8-AA lipid pools. Image size 90 µm x 90µm. 

Figure 86 – (a) microscopic image x25 magnification and chemical heat map of high magnification 

FT-IR image identifying (b) d8-AA lipid pools. Image size 90 µm x 90µm. 

Figure 87 – (a) microscopic image x25 magnification and chemical heat map of high magnification 

FT-IR image identifying (b) d8-AA lipid pools. Image size 90 µm x 90µm. 

Cell 4 

 

Cell 3 

 

Cell 5 
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6.5 PC-3 Motility and Morphological Cellular Changes 

Prostate cancer metastasis is dependent on the cell’s motility. Cellular structure and 

morphology both change massively when a cell is in the process of migrating (5). When a 

cell gears up to move, flat cellular protrusions are formed at the periphery of the motile cell 

(6). This protrusion is known as lamellipodia, which is the fundamental organelle for 

cellular movement (7). The cell body is positioned behind the lamellipodium extension, 

where the retracting tail is situated at the back end of the motile cell. There is an abundance 

of actin filaments just below the cell’s plasma membrane. This structure is typically known 

as the actin cortex.  

The formation of lamellipodia requires a change in the cellular distribution of the actin 

cytoskeleton (8). When a lamellipodia forms, actin polymerisation produces and arranges 

fibrous actin within the protrusion.  

The orientation of myosin II minifilaments is seen to play a critical role in the cytoskeletal 

function, with the ability to apply force to move actin filaments in the direction required 

(9). Myosin II is predominantly located around the body of the cell and co-localises with 

actin filaments, these link the structures of cell body and the sides of the lamellipodium 

extension (10).  When the cell is moving forward, the width of the lamellipodium remains 

similar, as the cell’s motility is underway. In order to maintain motility, there must be 

constant polymerisation of actin filaments at the forefront of the lamellipodium. The actin 

that is towards the cell body is depolymerised, where these subunits of actin will be reused 

again in polymerisation at the forefront of the lamellipodium. This process is known as 

treadmilling. The actin bundles which form with the sides of the lamellipodium form arc 

structures with the cell body as well as stress fibres along to cope with the increased 
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structural tension. The growing protrusion forms new adhesion sites with the substrate 

called focal contacts giving the cell an anchor to generate the force needed to move the cell 

forward. Whilst ongoing actin polymerisation propels the cell forward, translocation of the 

cells body follows, accomplished through the contraction of actin and myosin bundles are 

the forefront of the cell body. Finally, the rear of the cell loses its adhesive capabilities, 

releasing the contracting tail for the process to then repeat itself. The steps described are 

highlighted in Figure 88. 

Such a change in cellular protein content and orientation within the lamellipodium 

protrusions with treadmilling, actin arcs and stress fibres should be detectible with high 

magnification FT-IRM by mapping the area of the amide I between 1590 cm–1 – 1700 cm–

1. The main cellular body should have the maximum protein intensity with regions of 

increased protein noticeable at certain morphological positions of interest associated with 

lamellipodium.  
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The amide I peak area has been mapped for a cell expressing an amoeboid phenotype with 

its microscopic and protein chemical image displayed in Figure 89. The protein chemical 

image is a 3D representation of the cells landscape. Higher landscapes therefore contain 

stronger protein absorbances. The lamellipodia of interest have been marked A, B and C in 

both the microscopic and protein chemical image. The retracting tail has also been 

highlighted by a black box in the microscopic image and a white box in the protein chemical 

Tail retracted and 

formation of new 

adhesive focal contacts 

continuing the process 

Retracting 

Tail 

Lamellipodium 

Extension 

Substrate 

Actin 

Polymerisation 

Cell  

Body 

Formation of adhesive 

focal contacts 

Loss of 

adhesive focal 

contacts 

Figure 88 – A diagram of the lamellopodium extension process in cellular motility. 
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image. All lamellipodia contain significant levels of protein, represented by the raised 

landscapes in the 3D protein chemical image compared to the retracting tail. The retracting 

tail contains very low protein absorbances, which would be physiologically expected. The 

majority of the actin filaments are located at the forefront of forming lamellipodia, hence 

the large difference in protein absorbance between the lamellipodia and the retracting tail. 

The forefront of the driving lamellipodium C contains higher protein absorbances than the 

lamellipodia A and B. This is because the actin filaments are concentrating at the edge in 

which the direction of the cell is moving, resulting in stronger absorbances from a greater 

actin content. A study conducted by Gazi et al. was able to highlight intense protein regions 

representing the cell body and lamellipodium which is in consistent with the findings in 

this study (4).  

Brown et al. stated that motility and the ability to induce amoeboid characteristics is pre-

requisite for metastasis (11), whereby AA stimulates morphological change. Studies have 

also placed great importance on morphological transitions, with the reorganisation of actin 

frameworks in the cell’s cytoskeleton (12,13,14). It has been shown that invasive cell lines 

readily uptake AA with non-invasive cell lines displaying no such behaviour in sections 

3.1 and 3.2. It could be thought that the difference between the two phenotypes is their 

ability to be induced by AA to undergo a morphological change. The non-invasive cell lines 

may have a limited ability to undergo cytoskeleton reorganisation suppressing the 

emergence of an amoeboid phenotype, a critical step needed in metastasis.   

 It is evident that high magnification FT-IRM is capable of defining fine architectural 

structures when specifically targeting strong vibrational signatures such as the amide I. It 

is likely that the lamellipodia would not have been defined if a weaker vibration was used.  
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Figure 89 (a) Microscopic image of PC-3 cell at x25 magnification and (b) 3d chemical heat 

map of amide I peak. Image size 90 µm x 90µm. 
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6.6 Conclusion 

FM proved a valuable technique in tracking the uptake and metabolism in PC-3 cells. There 

appeared to be maximum uptake by 15 – 30 minutes matching the chemistry and time scales 

of previous investigations in chapters 3 and 4 using PCA. When the COX-2 enzyme was 

blocked, there was no change in cellular fluorescence indicating no AA uptake validating 

previous PCA FT-IRM studies. This provided further evidence that there must be an initial 

upstream signalling mechanism effecting the fundamental uptake of AA.  

FT-IR chemical images resulted in mirror images of the FM analysis. Mapping the C=O 

carbonyl stretch, a spectral marker of AA enabled regions rich in AA to be located. When 

high magnification FT-IR was used to analyse PC-3 cells treated with d8-AA for 15 

minutes, it was possible to define large cellular structures such as nucleoli and the 

nucleoplasm. The highly unique C-D stretch identified d8-AA pooling within the cell 

membrane in the cell cytosol, with clear spherical lipid droplets recognised. When 

investigating the protein distribution within the cell, it was possible to see fine architectural 

structures such as lamellipodium. AA induces proliferation (15) and motility resulting in 

the formation of lamellipodia type structures which can be seen using high magnification 

FT-IRM. Lamellipodia drive the motility process, a key development needed for the disease 

to progress. This is additional evidence that AA increases the invasive potential of PC-3 

cells. High magnification FT-IRM coupled with FM proves a highly valuable tool 

supplying further validation to previous studies. 
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7.1 Conclusion 

 

Overall, it is evident that invasive prostate cancer cell lines readily uptake and metabolise 

AA with no such indication seen for non-invasive cell lines. It is hypothesised that a key 

factor influencing the cellular metastatic phenotype is the cells ability to uptake and 

metabolise AA. Chemical mapping of the C=O carbonyl stretch around 1732 cm–1 provides 

deeper insight to the cellular distribution of AA, again suggesting that AA is initially 

incorporated in the cell membrane, disperses into the cell cytoplasm, accumulates in the 

form of lipid droplets and finally is metabolised into its bioactive downstream metabolites 

validated with both low and high magnification FT-IRM. It was possible to track the 

downstream metabolite PGE2 through seeded PCA, again confirming that AA is initially 

up taken by invasive cell lines and then metabolised. This result is consistent with study 

carried out by Brown et al. whereby PC-3 cells were shown to readily uptake AA (1). 

Brown et al. showed maximum lipid uptake at 30-minutes through FM and FT-IRM, 

similar timings that were shown in all invasive cell lines throughout this study. The work 

carried out in the study has built on the work carried out by Brown et al. further exploring 

the AA uptake and metabolism in a variety of different invasive and non-invasive prostate 

cancer cell lines. From this, it can now be seen that there is potentially a distinct difference 

in metabolic processes in invasive and non-invasive cell lines.    

When the COX-2 enzyme is blocked, no such cellular spectral features are seen with the 

invasive cell lines. It is theorised that there is upstream signalling preventing the 

incorporation and transport of AA into the cellular cytoplasm. A potential target for the 

upstream signalling could be the CD36 protein expressions within the cell membrane since 

these are responsible for fatty acid transport. Applying a deuterated tag reinforced the 
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information already drawn from the initial experiments and allowed specific molecular 

identity from the C-D stretch at roughly 2251 cm–1. This specificity means confidence can 

be drawn that the global cellular chemistry changes seen are a result of the specific d8-AA. 

When PC-3 cells with COX-2 blocked enzymes were exposed to both DHA and d8-AA the 

results suggested that DHA blocked the uptake of d8-AA. Fluorescence microscopy 

supports the hypotheses made showing definite AA uptake, with clear lipid droplets 

forming within the cell, also seen in the low and high magnification FT-IRM chemical 

mapping.  

High magnification FT-IRM was able to track intracellular stores of d8-AA. This defined 

the droplets around the outside of the cell membrane and within the cell cytosol, with no 

deuterated stretches appearing within the cell nucleus. This allowed the AA distribution to 

be identified throughout the cell, showing pooling in physiologically realistic positions 

within the cell.  

Overall it appears that COX-2 readily inhibits the uptake of AA. A new up-stream 

signalling pathway is suggested and if elucidated could alter the way lipid chemistry could 

be viewed in the progression and proliferation of prostate cancer. The AA uptake and 

metabolic mechanism involves diffusion or transport of AA across the cell membrane, 

catalysis of AA to PGE2 around the nuclear envelope and rough endoplasmic reticulum by 

the COX-2 enzyme, with the PGE2 finally ejected from the cell shown in Figure 90. It could 

be hypothesised that when COX-2 is inhibited, there is an upstream signalling mechanism 

which prevents the uptake of AA, down-regulating the CD36 expression preventing active 

uptake of AA displayed in Figure 91. 
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The results suggest that cells are more selective than once thought, with an ability to prevent 

AA uptake when limited in its metabolic processes in COX-2 inhibition (AA cascade). It 

appears that FT-IRM has the sensitivity and ability to track uptake and metabolism in 
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Figure 90 – AA cascade mechanism for uptake and metabolism 

Figure 91 – Hypothesised COX-2 inhibited AA block signal pathway  
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cellular systems giving a new insight into the value of FT-IRM in metabolomics and 

upstream signalling mechanisms in the lipid cascade. 

 Literature already demonstrates the role of COX-2 in prostate cancer progression and 

development. This study furthers the understanding of AA metabolism via the COX-2 

pathways in invasive and non-invasive cell lines. This has contributed to the void in 

literature as to why potentially COX-2 inhibits the progression and development of prostate 

cancer. If the prostate cancer cell is unable to uptake AA, then this limits an essential fuel 

required in the proliferation of prostate cancer. This is a possible indication that COX-2 

inhibition could be a potential therapeutic target in the suppression of prostate cancer 

development, with the mechanism surrounding COX-2 inhibition and the blocking of AA 

uptake to be elucidated.   

7.2 Future Work 

Throughout this study, a number of findings has left several unanswered questions which 

need to be further investigated.  

Studies state that the COX-2 expression is increased in cancerous tissues such as 

gastrointestinal, pancreatic, lung, prostate and colon malignant tissues (2). Dietary fats are 

said to be one of the main risk factors in developing breast, colorectal and prostate cancer 

(3,4,5). Furthering this, high dietary intake of ω-6 polyunsaturated fatty acids such as AA 

are linked with the development of breast, colorectal and prostate cancer (6,7,8,9). 

Investigating the effect of endogenous AA exposure to invasive and non-invasive breast 

and colorectal cell lines could prove beneficial. Investigating the effect of AA uptake and 

COX-2 inhibition on both invasive and non-invasive cell lines for breast and colorectal 

types of the disease could give indication whether the findings throughout this study for 
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invasive and non-invasive prostate cancer cell lines are universal across multiple types of 

cancer. It was hypothesised that there must be upstream signalling preventing AA uptake 

when COX-2 inhibition was induced for prostate cancer cell lines. Does the same 

hypothesis apply for breast and colorectal cancers?  

The fatty acid uptake mechanisms are currently unclear. There are multiple ways AA could 

enter the invasive prostate cancer cells, including free diffusion across the membrane or 

membrane incorporation through esterification, followed by PLA2 cleavage into the cell 

cytosol (10,11). CD36 facilitates a major proportion of fatty acid uptake in cellular systems 

(12). It was shown that COX-2 inhibition prevents AA uptake in invasive prostate cancer 

cell lines. Does the CD36 expression influence this? A possible hypothesis could be that 

the cell down regulates CD36 expressions when COX-2 suppression is achieved, 

preventing AA uptake.  The CD36 up and down regulation needs to be further investigated 

to identify whether this is the primary cause for a block on cellular AA uptake.   

Further analysis could be done with mass spectrometry (MS), investigating the uptake of 

AA when COX-2 is both active and inhibited. Mass spectrometry could provide valuable 

information on lipid species composition and orientation within the cellular membrane. MS 

could probe in depth changes to cellular membranes, looking into potential signal 

mechanisms preventing AA uptake. Membrane fluidity could also be monitored though 

MS by investigating the lipid chain lengths present in the cellular membrane when prostate 

cancer cells are exposed to AA.  

Further investigation needs to be carried out looking at the error and its significance in the 

seeded PCA and median positional plot techniques used throughout this study. 
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Actin filament orientation could be examined when exposing invasive prostate cancer cell 

lines to AA with COX-2 active and inhibited. An interesting potential study could use high 

magnification FT-IR with a polarising filter. Specific organisation of protein actin filaments 

would lead to a change in amide I and II bands as the polarising filter is turned through 180 

degrees, revealing the orientation and structure of the cellular actin filaments. A 

complementary study could be carried out whereby AA treated prostate cancer cells at 

different time points could be stained with phalloidin, a fluorescent stain used to investigate 

actin filaments. FM could then be carried out showing the orientation of cellular actin 

filaments. High magnification FT-IRM and the FM images could then be compared 

investigating the chemical protein changes expressed when undergoing morphological 

changes when exposed to AA, a key step in the invasion process. Then when blocking the 

COX-2 enzyme are the same changes seen? 

Ultimately, the investigation of AA in invasive prostate cancer cell lines would be carried 

out in an environment similar to the body in vivo rather than in vitro. Therefore, it would 

be beneficial to investigate the effect of AA uptake and COX-2 inhabitation on a more 

complex prostate cancer model. This could potentially be achieved through 3D printing, a 

novel and relatively new technique that is been applied to the formation of biological 

structures. If the cellular environment around the prostate was mimicked with specific 

cellular structures, then this may act as a more representative environment for prostate 

cancer to progress, allowing a true indication as to what initiates prostate cancer in its native 

environment.  If the architecture of an endothelial blood vessel is printed in the region of 

the prostate cancer colony with a distant bone marrow site, then it may be possible to get a 

very different insight into prostate cancer progression.  
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