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ABSTRACT 

INVESTIGATION OF INFLUENCE OF DRUGS ON CELLULAR METABOLISM 

IN 2D CELL CULTURE USING SURFACE-ENHANCED RAMAN SCATTERING   

Raman spectroscopy (RS) is a powerful vibrational spectroscopic technique that provides 

molecular-level information from a sample without a label. Surface-enhanced Raman 

scattering (SERS) is a highly sensitive mode of Raman Spectroscopy and it can help to 

identify molecular composition on the surface or very close vicinity of noble metal particles 

with a size of fewer than two orders of magnitude in seconds.  Metformin (MET) is a drug 

molecule, which affect mitochondrial respiratory chain complex I, cell proliferation, protein 

synthesis and gluconeogenesis. 6-Mercaptopurine (6-MP) has immunosuppressive features 

that conceivable regulated by its involvement with nucleic acid metabolism and protein 

synthesis in the series following antigen stimulation, and via its cytotoxic activity on cells.  

In this study, the potential of SERS to be able to monitor the effect of drugs on cell 

metabolism was investigated using metformin and 6-Mercaptopurine as model drugs. Two 

cell lines, A549 and Beas-2b, were chosen for the study. Gold nanoparticles with an average 

size of 50 nm were chosen as SERS substrates. Nucleic acids, amino acids and phospholipids 

peaks were changed in treatment of Metformin. The reason for this change MET 

mechanisms which inhibition of proliferation and protein synthesis and suppression of lipid 

and cholesterol biosynthesis. SERS peaks corresponding to nucleic acids and proteins were 

changed with the treatment of 6-Mercaptopurine. The observed spectral changes are 

attributed to the inhibition of de novo purine synthesis and protein synthesis. The changes in 

observed spectral pattern upon exposure of cells to drug molecules at increasing 

concentrations are attempted to relate the known drug metabolism mechanisms. The results 

demonstrate that SERS can be used to monitor the metabolic changes at cellular level upon 

exposing them to drug molecules as it is demonstrated in the case of MET and 6-MP.  
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ÖZET 

YÜZEYDE ZENGİNLEŞTİRİLMİŞ RAMAN SAÇILIMI KULLANILARAK 2D 

HÜCRE KÜLTÜRÜNDE İLAÇLARIN HÜCRESEL METABOLİZMA 

ÜZERİNDEKİ ETKİSİNİN İNCELENMESİ 

Raman spektroskopisi (RS), etiketsiz bir numuneden moleküler düzeyde bilgi sağlayan 

güçlü bir titreşim spektroskopik tekniktir. yüzeyde zenginliştirilmiş Raman saçılımı (SERS), 

Raman Spektroskopisinin oldukça hassas bir modudur ve yüzeydeki moleküler bileşimi veya 

çok yakın çevresindeki soy metal partiküllerin boyutu, saniyede iki büyüklükten daha az 

büyüklükte tanımlanmasına yardımcı olabilir. Metformin (MET), mitokondriyal solunum 

zinciri kompleksi I, hücre proliferasyonu, protein sentezi ve glukoneogenezi etkileyen bir 

ilaç molekülüdür. 6-Merkaptopürin (6-MP), antijen uyarımını takiben serideki nükleik asit 

metabolizması ve protein senteziyle ilgisi ve hücreler üzerindeki sitotoksik aktivitesi ile 

düzenlenebilen immünosüpresif özelliklere sahiptir. Bu çalışmada, SERS'in ilaçların hücre 

metabolizması üzerindeki etkisini izleyebilme potansiyeli, model ilaçlar olarak metformin 

ve 6-Merkaptopurin kullanılarak araştırılmıştır. Çalışma için iki hücre hattı, A549 ve Beas-

2b seçildi. Ortalama boyutu 50 nm olan altın nanopartiküller, SERS substratları olarak 

seçildi. Metformin tedavisinde nükleik asitler, amino asitler ve fosfolipid zirveleri değişti. 

Bu değişikliğin nedeni, proliferasyonun inhibisyonunu ve protein sentezini ve lipid ve 

kolesterol biyosentezinin baskılanmasını sağlayan MET mekanizmalarıdır. Nükleik asitlere 

ve proteinlere karşılık gelen SERS pikleri, 6-Merkaptopürin tedavisi ile değiştirildi. 

Gözlemlenen spektral değişiklikler, de novo purin sentezinin ve protein sentezinin 

engellenmesine atfedilir. Hücrelerin artan konsantrasyonlarda ilaç moleküllerine maruz 

kalması üzerine gözlemlenen spektral modeldeki değişiklikler, bilinen ilaç metabolizması 

mekanizmalarıyla ilişkilendirilmeye çalışılır. Sonuçlar, MET ve 6-MP durumunda 

gösterildiği gibi, SERS'in ilaç moleküllerine maruz kalması üzerine hücresel düzeyde 

metabolik değişiklikleri izlemek için kullanılabileceğini göstermektedir. 
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1.   INTRODUCTION 

1.1. RAMAN SPECTROSCOPY 

Raman Spectroscopy (RS) is a powerful vibrational and analytical technique, which provides 

molecular level information from a sample without a label. RS is explored by 

Chandrasekhara Venkata Raman in 1928 [1].   

RS mechanism is based on the Raman Scattering effect. As molecule's electric dipole 

interacts with an incident photon, scattering happens. This mechanism may be elastic or 

inelastic. Rayleigh scattering is a form of incident photon scattering in which photons are 

scattered elastically by a molecule. Incident photons energy is equals with scattered photons 

energy, in Rayleigh scattering. Small fraction of light is Raman scattering which is scattered 

at energies different than that of the incident photons (Raman Effect). Two kinds of Raman 

scattering; 1) Stokes scattering-phonon emitted which means scattered photons have a lower 

energy, 2) anti-Stokes scattering-phonon absorbed which means scattered photons have a 

higher energy. Figure 1.1. shows Rayleigh and Raman scattering.  Figure 1.1.(a). shows a 

simplified energy diagram that illustrates these terms. Even at low vibrational energy, the 

Stokes and anti-Stokes Raman peaks are symmetrically located around the Rayleigh peak, 

but their intensities are quite different [2]. Figure 1.1.(b). illustrates a model Raman 

spectrum. Since most molecules that in the lowest vibrational energy state at room 

temperature, anti-Stokes Raman peaks have much lower intensities than Stokes Raman 

peaks [2]. 
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Figure 1.1. Demonstration of (a) Raman and Rayleigh scattering (green: no energy 

difference (v0 depicts laser frequency), red: incident photon loss energy (Stokes 

scattering), blue: incident photon gain energy (and anti-Stokes scattering)), (b) graphical 

representation [2] 

 

Raman spectroscopy has some advantages with label-free, rapid analysis, less sensitivity to 

water, and non-destructive nature over FTIR spectroscopy, another vibrational spectroscopic 

technique, as commonly compared. The Raman spectrum provides rich information to 

chemical structure of biological samples that makes RS technique quite promising tool in 

biological applications. 

1.2. RAMAN SPECTROSCOPY IN LIVING CELL ANALYSIS 

In tissue and also a single cell, the Raman spectrum ensures details about chemical bonds 

related with biomolecules such as proteins, lipids, DNA, and RNA. Structure, composition, 

conformation, identity and macromolecules interactions (such as protein-DNA) can be 

provided by RS for biological samples. Cells can be analyzed in aqueous conditions, water 

shows weak Raman signal, therefore analysis of living cells can observation by Raman 

spectroscopy under their physiological environments such as cell medium or phosphate 

buffer solution (PBS) [3]. Thus, RS used for single-cell analysis, cancer diagnosis also drug 

delivery in living cells. In one of the earliest studies, the cell was fixed with alcohols or 

aldehydes for RS analysis as in traditional cell analysis. Then, using fixed cells; cells 
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organelles were observed which are nucleic acids [4], proteins [5], lipids [6], mitochondria 

[7] and even stage of the cell cycle [8]. However, other studies show that fixed cells are not 

correct method to cell analyzed because they can give incorrect Raman spectra and this data 

being misinterpreted [9–12]. For this reason, cells can use without any fixation method for 

RS sample.  

One of the studies about single cell in PBS and without fixation is observed on human 

erythrocytes for oxygenation process. According to measured intensity changing cell 

deoxygenation were detected before the reoxygenated process as a time-dependently. This 

study result illustrates RS can use for this process to followed and demonstrated [13]. Also 

RS can use for cancer cells analysis such as ovarian, prostate and breast cancer cells [14–18] 

Also, the cell cycle can analysis with Raman spectroscopy. Swain et al are investigated cell 

cycle phases on osteosarcoma cells by RS. Cell cycle phases which are G0–G1, S, and G2–

M were illustrated according to changing Raman spectra on a living single cell [19].  Further, 

different cells can be determined with RS. In an early study, different type of bone cells was 

discriminate against by RS [20]. In another study, RS used for determine different type of 

cancer cells which are human breast and human leukemia cells, and MCF-7 human cancer 

and human sarcoma cells, based on their spectra [21].  

1.3. RAMAN SPECTROSCOPY IN DRUG-CELL STUDIES 

Raman spectroscopy also used for evaluation of the effects of the small molecules as 

pharmaceutical applications. Drug cell interaction can investigate with RS that examination 

of presence of drug and drug effects in cell. RS provide long-term drug effects monitoring 

in the cell or minimal dose determination of drug [22]. One of the studies about drug research 

by RS is that different concentration of chemotherapeutic drug, cisplatin, effect on lung 

adenocarcinoma cells to 96 h [23]. Another use of the RS for drugs studies is that investigate 

noncytotoxic dose determination. A related study that investigates gemcitabine, anticancer 

drug, noncytotoxic effects and the study showed DNA and protein changes according to time 

and doses in single living cells [24]. Apoptotic effects of fluorouracil were investigated 

which drug-induced results related to lipids, nucleic acids and proteins bands decreasing 

intensity on gastric carcinoma cells [25]. Moreover, active pharmaceutical ingredient (API) 

characterization and drug-excipient interaction can determine with RS and also critical 
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quality attributes of pharmaceutical products (CQAs) can evaluate [26,27] Drugs can be 

visualized intracellularly in the way of label-free method. The related study is that the entry 

of the paclitaxel which is an anticancer drug into the cytoplasm through the cell membrane 

was observed by measuring RS in breast cells [28]. Using RS, mechanisms and action of 

Doxorubicin were analyzed on cancer cells which are A549 and Calu-1. The drugs show the 

different effect of two different cell lines according to Raman spectra and also results 

correlated with drugs mechanisms which change bcl-2 protein expression and reactive 

oxygen species (ROS) levels [29]. Further, cellular uptake binding and cellular responses of 

drugs can elucidate with Raman spectroscopy. One of the studies that investigated 

Doxorubicin, Actinomycin, Cisplatin and Vincristine drugs on lung cancer cell lines. The 

results illustrated different anticancer drugs have different action, pathways and also 

different Raman spectra depending on their dose in a label-free manner [30].  

1.4. SERS 

Fleischman and his colleague first investigated Raman signal of pyridine on the silver 

electrode [31]. Then, the first experiment for strong Raman signaling achieved on pyridine 

molecules was measured on a rough silver electrode that provides 105-106 Raman scattering 

enhancement, R. Van Duyne and D. Jeanmarie in 1997 [32]. After that time SERS-active 

substrates were approved on various molecules that have strong enhancement Raman signals 

[33]. SERS-active substrates can be different shape, size and nanomaterials. Generally, silver 

and gold nanoparticles use as a SERS-active substrates and the size range is between 10-150 

nm [34].  

 

Figure 1.2. Difference between the Raman and the SERS technique [35] 



5 

SERS enhancement mechanisms explained as two mechanisms which are chemical (CE) and 

electromagnetic (EM) enhancement [36]. In 1977, Albrecht and Creighton explained 

chemical enhancement. The reason for occurrence of chemical enhancement is that 

molecular polarizability increasing which owing to sample molecule and metal charge 

transfer and specific interactions, forming charge-transfer complexes. The surface absorbs 

molecules then metal and molecules, electronic states can interact with each other herewith 

new transitions were produced, which leads to Raman signal enhancement. Chemical 

enhancement magnitude is ~10-100 times. An electromagnetic enhancement mechanism 

was offered by Van Duyne and Jeanmarie. On the metal surface, incident electric field (from 

incident radiation) interact with electron, thus electromagnetic enhancement has occurred. 

Hereby, this leads to electric field enhancement and surface plasmons excitation at the metal 

surface [37]. 

1.5. SERS SINGLE CELL 

In 1991, Nabiev et al. have reported SERS single-cell analysis as the first study [38]. The 

study achieved with antitumor drugs which are doxorubicin (DOX), and 4'O-

tetrahydropyranyl-adriamycin (THP-ADM) were treated with erythroleukemic K562 cells 

also AgNPs were used for SERS substrates. The results show SERS signals come from living 

single-cell nucleus or cytoplasm when treated with much diluted drugs. These results bring 

to light SERS is a new technique for cancer research and single-cell studies. Afterwards, 

Kneipp et al. proposed a second single living cell measurement with SERS using 60 nm 

AuNPs, in 2002 [39]. They observed intracellular fragments such as DNA and phenylalanine 

on differentiated intestinal epithelial cells HT29 from SERS signals. Results of study 

illustrate SERS ensure selective and sensitive analysis of living single cell. 

Various single-cell SERS studies with AuNPs has been working for many years [40]. Some 

of studies focused on determining intracellular organic compound of single-cell using gold 

colloids in 2005 [41], gold nanorods which are anti-EGFR conjugated used for human oral 

cancer diagnostic marker in 2007 [42], in human cells using gold nanoparticles effective 

intracellular quantification of dinitrophenol derivative (DAMP) were showed in 2008 [43], 

gold nanoparticles transportation on the cell surface also into the cell were observed, 2009 

[44].  
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In recent years SERS has various applications range such as chemistry, physics, nanoscience 

and biological science [45–48] It is well known SERS studies increase about in biological 

area. Further, it was provided with an opportunity to finding novel applications such as 

SERS-based label-free probing DNA hybridization [49] and in vivo tumor targeting [50]. 

SERS studies can occur in a label-free manner which is SERS spectra of biomolecules 

measure without any Raman dyes. For detecting biomolecules SERS-based label-free 

detection ensures a highly sensitive, selective direct and reliable method and also it is 

convenient rather than the SERS labeling method [51]. According to Hong-Wu Tang et al. 

study, chemical information of human osteosarcoma cells was investigated in detailed in 

both living or fixed single cells using 60 nm colloidal gold nanoparticles [52]. Thus, they 

show SERS is a powerful technique in biomedicine studies. In recent work, single-cell 

cellular responses were evaluated with SERS based nuclear-targeted AuNPs. In this study, 

modifications were observed on lipid and protein structures due to nuclear-targeted AuNPs 

thus cause plasmonic photothermal therapy (PTT) cell death [53]. 

1.6. SERS CELLULAR DRUG STUDIES 

Quantitative and qualitative information about the various structure is achieved by SERS 

even pharmaceutical analysis. Most pharmaceutical molecules demonstrate good Raman 

spectra including diluted concentrations. SERS provide to cost and time-saving for 

pharmaceutical analysis because of its direct and easy usage [37]. 

SERS can use for drug monitoring as quantitative analysis. One of the studies about drug 

monitoring is that anti EGFR small molecule is erlotinip using for non-small cell lung and 

pancreatic cancer treatment.  The nanomolar drug concentration was detected by SERS using 

gold nanostructure in human plasma samples [54].  

Another quantitative SERS drug study was reported by Han et al. [55]. This study 

investigated 6-Mercaptopurine (6-MP) metabolism in a living cell using Au@Ag NPs for 

SERS signaling. Firstly, drug uptake into the cell, 6-MP and its metabolic product 6-

mercaptopurine-ribose were determined with SERS according to time. The result shows that 

SERS is efficient and simple for drug efficacy and determine the antitumor drug molecular 

mechanism in the cell. A similar study about SERS drug study is achieved on 6-MP and 

methimazole in living Hela cells using AgNPs [56]. The drugs were metabolized and 
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diffused in the intracellular matrix. Also, metabolism speed was different two drugs that 6-

MP faster than methimazole. The results show SERS can applied drug metabolism as a 

quantitative study in living cell. 

1.7.  METFORMIN 

1.7.1.   Brief History of Metformin  

The history of the MET (N’,N’-dimethylbiguanide), phenformin and buformin began with 

the Galega officinalis, which is also known French lilac, extracts that name is galegine which 

is isoprenyl derivative. It was developed for hyperglycemia type2 diabetes treatments [57]. 

This extract has include rich guanidine molecules and it was used for the treatment of 

halitosis and Polyuria in Chinese medicine and middle ages Europe [59,60]. It was reported 

that hypoglycemic properties of guanidine have too toxic properties for clinical usage in 

1918. On the other hand, in vivo studies shows MET include dimethyl biguanide has 

powerful effects on the arrangement of blood glucose levels, at same time [60]. But, in the 

same period, for diabetes treatments of MET clinical applications was encumbered because 

insulin was discovered. Furthermore, buformin and phenformin which are efficacious 

biguanide derivatives was used for T2DM treatment [61].  MET for clinical growth, also 

known as Glucophage (glucose eater), is the best antidiabetic agent alternative. It was 

researched by physician Jean Sterne and Aron Laboratories in the 1950s [62]. MET was 

accepted to use in the United States, 1995, the United Kingdom, 1958, and Canada, 1972. In 

2009, for the Study of Diabetes recommended MET as the first-line oral treatment to T2DM 

[63]. Additionally, MET is use for polycystic ovary syndrome treatment and also anticancer 

and antiviral properties of MET being explored. 

 

Figure 1.3. Chemical structure of MET 
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1.7.2.   Metformin and Diabetes 

382 million people suffer from diabetes according to global data [64].  In 2035, this number 

is forecast to expand by 592 million presenting national healthcare systems. Factors that 

cause this are sedentary behavior, rising obesity and increasing urbanization. Also, impaired 

insulin secretion or insulin resistance related hyperglycaemia results from characterizes 

T2D. The use of antihyperglycaemic agents, metformin, can be a delay or prevent the 

beginning of that complications via blood glucose levels management. Although MET was 

originally introduced for the treatment of T2D, the mechanism of MET is not completely 

understood. In peripheral tissues, elevated uptake of glucose and increased hepatic insulin 

sensitivity are related to the anti-hyperglycemic effect of MET. Further, hepatic 

gluconeogenesis suppression cause metformin acts predominantly which is now commonly 

admitted. Diabetic patients gluconeogenesis rate can cause to fall approximately 36 percent 

by use of MET [65]. However, reduction in glucose production pathways still a matter of 

debate. Bioguanides have antihyperglycemic action which is substantially liver 

gluconeogenesis inhibition result of reduced glucose and in the skeletal muscle insulin-

mediated glucose uptake is increased, probably as smaller rate  [67,68].  

1.7.3.   Cellular Uptake of Metformin 

 

One of the unusually hydrophilic drugs is MET. Under physiological conditions MET charge 

form generally positively protonated. Rapid and passive diffusion to the cell membranes is 

not possible because of the physicochemical properties of MET. Organic transporters which 

have solute carrier property provide active uptake for MET transportation through cell 

membranes. Also MET enter and leaves cells via multidrug also toxin extrusion (MATE) 

transporters [67] Plasma membrane monoamine transporter (PMAT, SLC29A4 gene) at on 

the enterocytes luminal side, mediated MET intestinal absorption as a primarily. Organic 

cation transporter 1 (Oct1, SLC22A1 gene) is may be in charge of the MET transportation 

into interstitial fluid and it is expressed on the basolateral membrane of enterocytes [68]. 

Basolateral membrane of hepatocytes provides OCT3 (SLC22A3 gene) expression. OCT1 

and OCT3 are main mediators of hepatic metformin uptake. In liver or biliary excretion, 

MET does not undergo related biotransformation because renal elimination effect metformin 

clearance. OCT2 (SLC22A2 gene) provide MET to be carried inside renal epithelial cells, 
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on the basolateral membrane expression is occurred, urine has include excreted which by 

multidrug and toxin extrusion 1 and 2 (MATE1 gene SLC47A1 and MATE2 gene 

SLC47A2) [69].  

 

1.7.4.   Mechanism of Metformin 

 

When MET enter the hepatocyte, it accumulates in mitochondrial matrix. Membrane 

potential of energized mitochondria effects the positively-charged molecule which is 

consequences of MET uptake [70]. Between the mitochondrial membrane, hydrophobic 

phospholipids and apolar hydrocarbon side chain of MET may interact [71]. MET main 

target is that the mitochondrial respiratory chain complex I. MET only inhibits complex I 

substrates oxidation, its not effects substrates of complex II or IV [70,72]. Despite the fact 

that these observations were derived from rat hepatocytes on the other hand human 

hepatocytes and various cell models findings are similar to obtained results [73]. Due to 

MET has metal-binding features, the drug can inhibits complex I, but it is not clear. 

Mitochondrial matrix pH raised high. MET is transformed by high mithochondrial matrix 

ph into a deprotonated structure with high affinity for copper ions [74]. That copper 

complexes can interfere with respiratory chain sensitive redox reactions. Hereby, MET 

cellular effects are linked to its capacity of bind copper [75]. Bridges et al. find as an 

alternative mechanism of complex I inhibition due to MET effects. According to Bridges et 

al., Ubiquinone reduction inhibits MET in a non-competitive way, likely through binding at 

interaction of the hydrophilic and membrane domains also keeping the enzyme in 

deactivated state similar to an open-loop. MET inhibitory effect usually limited to complex 

I, on the other hand other biaguanides are non-specific that inhibit various mechanisms 

[76,77]. When ADP and AMP levels increase, ATP production is decreased due to inhibiton 

of complex I by MET. The cells primary energy sensor, AMP activated protein kinase 

(AMPK), senses cellular energy charge. MET action shown AMPK-dependent and -

independent mennar. 
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Figure 1.4. Molecular mechanism of MET[78] 

1.7.5.   AMPK- Dependent and –Independent Mechanisms 

Cellular energy homoeostasis regulator is AMPK that activated via AMP or ADP molecules 

[79]. It provides to the energy status falling to cell respond via converting it from ATP 

consuming anabolic status to ATP-producing catabolic status. Zhou et al. demonstrated the 

AMPK role on MET mechanisms in 2001 [80].  According to Zhou et al. in rat primary 

hepatocytes AMPK activation is stimulated by MET. For the inhibitory effect of MET, 

AMPK is necessary on glucose production, used the AMPK inhibitor compound C [80]. But 

the latest research shows that this inhibitor is non-selective. Although, Shaw et al. were 

supported these findings [81], which found hepatic liver kinase B1 (LKB1) loss, 

phosphorylating is carried out by catalytic α-subunit of AMPK upstream activator, glucose-

lowering effects of MET removed in mice with high-fat diet. Since cAMP response element-

binding protein (CREB)-regulated transcription coactivator 2 (CRTC2) is located in nucleus, 

MET activates the LKB1/AMPK pathway, which alters the cell's gluconeogenic 

programmed, a pivotal regulator of gluconeogenic gene expression [81]. In Figure 1.5. 

Represent to AMPK metabolism. Glycogen and gluconeogenesis, as well as fatty acid and 

cholesterol production, are both inhibited when AMPK is enabled. Glycolysis, glucose 

uptake also fatty acid oxidation are all activated by AMPK. 
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Figure 1.5. Energy metabolism regulation by AMPK [82] 

1.7.6.   Inhibition of Gluconeogenesis 

 

MET considered as the main site of action in liver that expresses SLC22A1 as a high level. 

MET can show accumulation in the liver because in the portal circulation it illustrates higher 

concentration more than another place in the body. Glycogen synthesis, glycolysis, 

gluconeogenesis and glucose uptake regulation are affected by MET, in the liver [83].  

The functions of the insulin receptor and insulin receptor substrate 2 (IRS2) are enhanced by 

MET. Besides, glucose transporters translocation  as GLUT‑1 (SLC2A1) increasing cause 

glucose uptake enhancement to the plasma membrane [84]. Consequently, insulin-mediated 

suppression of gluconeogenesis enhances by MET [85]. In addition to that MET withstand 

to glucagon for its gluconeogenic action and this feature is of great importance [85–87]. To 

conclude, MET inhibits enzymes that be assigned in gluconeogenic pathway and changing 

multiple enzymes activity stimulates glycolysis because of MET. Gluconeogenesis 

constitute a 28–97 percent rate of total hepatic glucose for nondiabetic individuals based to 

their diet, this ratio shows an increase in patients who has type 2 diabetes mellitus [88]. This 

hepatic glucose rate reduce up to 75 percent by MET For T2DM patients [89]. MET reduce 

lactate and alanine as a substrate for gluconeogenic uptake, probably metformin-stimulated 

Cl– efflux is depolarized to hepatocyte membrane [90]. Despite, glycogen synthesis is 

decreased by hepatocytes treatment as an in vitro by use MET, but still it is not well-

explained [91]. 
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1.7.7.   Regulation of Lipid Metabolisms 

One of the effects of metformin is that it improves lipid synthesis by reducing hepatic 

steatosis in rodents [92,93] and it demonstrated as a clinical study [94]. Further, through both 

oxidation of fatty acid ( in the brown adipose tissue) [95] and VLDL-triglyceride uptake 

increase as a selectively, by lowering plasma triglycerides, MET has a beneficial effect for 

circulating lipids. In tissue lipid storage, fatty acid oxidation and inhibition of lipogenesis 

are increase due to metformin-induced reduction, probably through AMPK activation 

[80,95,96]. ACC1 and ACC2 were explained AMPK phosphorylation insensitive in 

knocking mouse models. Thus provide AMPK action in the presence of MET that affects 

lipid metabolism [97]. That mice are resistant to MET actions which are lipid-lowering and 

insulin-sensitizing effects. This observations indicate which MET reduces cellular fatty acid 

levels, which affects MET-induced blood glucose reduction through AMPK-dependent 

phosphorylation of ACC (acetl CoA carboxylase). In the specific circumstance, MET action 

on hepatic glucose production inhibition may be secondary to the drug effects on ACC [81]. 

The loss of LKB1 inhibits phosphorylation of ACC and MET during metformin-induced 

AMPK phosphorylation, which increases insulin sensitivity and reduces blood glucose. 

1.7.8.    Metformin Prevents Cell Death  

The permeability transition pore (PTP) channel is usually closed to keep the mitochondrial 

membrane potential up, that essential to ATP synthesis. PTP is found in the inner membrane 

of the cell. Once it is permanently free, membrane potential collapses [98], resulting in 

significant ATP synthesis inhibition. Also, PTP can opening other effects. PTP inhibits 

Complex I [99] for the ROS production via reallocating the electron flux. Further, PTP cause 

the mitochondrial pro-apoptotic proteins release into intact cell [100] and in mitochondria 

[101]. In endothelial, INS-1 insulinoma, HeLa, A375 cells and [102–105]. MET shows to 

PTP opening prevention. Metformin, as a consequence, endothelial cells protection from 

oxidative stress-induced cell death [102] and KB cells [106], etoposide in primary neurons 

[107], hyperfructosemia in INS-1 cells [103,108]. Also many research illustrates MET 

protects against oxidative stress or ischemia reperfusion damage, but none have looked into 
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the role of the PTP [67,109].  As endothelial cells are undergo to high-glucose levels, PTP 

opening and eventual cell death prevents by MET [102]. 

1.7.9.    Metformin Action of Cancer 

The MET function is related reduced cancer risk. MET exposure duration and cancer 

incidence associated with each other in terms of dose–response relationships, according to 

Josie M.M. Evans et.al [110]. Also, recent studies observed, when T2D patients treated with 

MET, it reduced incidence of cancer mortality and neoplastic disease [111,112] Further, 

some of the specific cancers shows a significant decrease when treated with MET, such as 

breast, prostate and pancreas [113–115]. The antiproliferative effect of MET has been shown 

in animal models experiments on a variety of cancer cell lines and cancers [116].  

Several potential molecular mechanisms exist for explanation of MET and cancer 

development reduces. One of the mechanisms is the most generally on metabolic processes 

and inhibiting growth stimuli in cancer cells. Also, alter cancer cell growth related to insulin-

dependent and -independent mechanisms. Growth factors which are IGF-1 and insulin for 

the stimulating of cell survival and mitogenesis and man cancer cells express these receptors 

[117]. Thus, MET treatment reduce IGF-1 and insulin serum level that results with growth 

stimulus reducing. The study shows in in vivo models, IGF-1 and insulin reductions induced 

via calorie restriction that reduce cancer incidence [118]. Direct retraction of glucose may 

induce cell death under certain circumstances that shown in vitro studies thus similar to 

growth factors [119]. For aerobic glycolysis require to glucose-rich environment according 

to Warburg effect for cancer metabolism. MET treatment reduces hyperglycemia and any 

related growth advantage in susceptible tumors [120]. 

LKB1/AMPK inhibition by MET causes tumor cell death by lowering ATP levels, rendering 

susceptible cells incapable of reacting to energy stress [121]. Fatty acid synthesis regulation 

depending on AMPK activation by MET that causes anticancer effect via fatty acid synthase 

(FAS) mechanisms on several cancer cells containing colon, prostate and breast cancer cells 

[122]. Further MET may effect cancer cells, endothelial cell migration and angiogenesis 

inhibitions effect limiting tumor growth and metastasis through AMPK-dependent 

reductions in growth factor that are PAL-1 and VEGF (vascular endothelial growth factor) 

[123]. 
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Another anti-tumor effect of metformin is through AMPK/LBK1/TSC signaling pathway. 

MET suppress mTOR Rag GTPase-dependent activation which results in inhibition of 

mTOR signaling pathway [124]. Also, MET inhibits mTOR as an AMPK- independent 

through up-regulating the REDD1 expression lead to cell cycle arrest [125,126] 

MET reduce insulin and insulin like growth factor 1 (IGF-1) that is associated to indirect 

mechanism in anti-cancer function [127]. Metformin inhibits cell growth by lowering total 

insulin levels, which in turn decreases free IGF-1. Metformin inhibits hepatic 

gluconeogenesis, and is a key component of the indirect anti-cancer process [128]. 

Furthermore, Furthermore, MET has anti-tumor activity through CD8+ T cells [129] that 

key components of tumor immunity [126,130]. 

1.7.10.    Metformin Effect on Endocytic Cycle 

Metformin appears to interact with organelle Na1/H1 exchangers (eNHE) and V-type-

ATPase (V-ATPase) according to two recent reports [131,132], implying the metformin 

activity might well be mediated via the late endosome/lysosome. The hypothesis of 

activation of AMPK and inhibition of mTORC1 is important since a connection among late 

endosome/lysosome through MET effects can be found. Metformin influences 

mitochondrial function, nucleus (gene transcription), and late endosome/lysosome function 

by molecules mentioned. According to studies which demonstrated in C. elegans and 

Droshophila, in conjunction with some other focused on the effect of eNHEs, metformin 

may regulate endosomal-lysosomal trafficking via affecting eNHEs and control late 

endosomal/lysosomal activity [133]. 

LKB1 is translocated to late endosome/lysosome membranes in response to starvation. 

LKB1 phosphorylates and activates AMPK, that starts off essential processes that keep the 

cellular energy level in control [134]. Rheb activates the mTORC1 complex on the late 

endosome/lysosome membranes under nutrient-rich circumstances. Starvation prevents the 

activation of mTORC1 from the late endosome / lyosome [135]. V-ATPase inhibits LKB1, 

causing mTORC1 to be released and simulating starvation, to the late endosome / lysosome. 

Primary metabolism regulators appear, persists or deviate by way of the late 

endosome/lysosome based on the energy state of the cell. In addition, its location in late 

endosome/lysosome is important for the determination of the activity levels, creating the 
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belief that late endosome/lysosome detects the cell's energization status and establishes the 

key metabolic regulators activity. MET activates AMPK, inhibits V-ATPase inhibition also 

inhibits mTORC1. In the same manner with V-ATPase inhibition, Metformin imitates 

starvation. One hypothesis would be which MET changes late endosomal/lysosomal stiation 

from nutrient rich to starvation, maybe through influencing proteins in late 

endosome/lysosomes like Na1/H1 or V-ATPase [131,132]. 

 The easiest way to regulate the endosomal cycle for metformin is to adjust the pH of the 

endosomes with eNHE or V-ATPase. Due to pH changes, the gradient within endosomal 

organelles can enhance and in particularly accelerate endocytic cycles. One of the effects of 

a long endocytic cycle is the quick insulin receptors recycling or glucose transporters by 

recycling endosomes. It was found to increase insulin sensitivity by merely increasing the 

GLUT-4 in muscle membrane. The endocytic cycle may further boost the performance of 

the lysosome, degradation of promote and cellular waste recycling [136].  

This shows that pH changes in endosomes and lysosomes can influence aging and 

mitochondrial function. Metformin may have a range of positive effects on the cell through 

modifying endosome compartments pH like late endosomes also lysosomes. Besides, 

AMPK direct activation or mTOR inhibition via switching late endosome/lysosome states. 

Metformin can play role on cell metabolism through affecting the rate the endocytic cycle 

to receptor and transporter and autophagy [133]. 

1.8. 6-MERCAPTOPURINE 

1.8.1.   History of 6-Mercaptopurine 

It was discovered in 1948, it has been approved for using human medical and FDA (Food 

and Drug Administration) accepted 6-MP as an antitumor drug in 1953 [131]. After that, 6-

MP was used to cure ulcerative colitis (1962) and Crohn's disease (1963). (1969) [132], 

[133].  6-mercaptopurine monohydrate (MP·H2O) is commercially form. In water, it has 

low solubility, which is 0.135 mg/mL for this reason its oral bioavailability is low about 16 

percent [130]. 
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Figure 1.6. Molecular structure of 6-MP 

 

6-MP derivated from azothiopurine (AZA) which is a prodrug and azothiopurine is non-

enzimatically transformed to 6-MP and S-methyl-4-nitro-5-thioimidazole, in tissue [137]. 

Since AZA has a molecular weight of 55 percent that of 6-MP and 88 percent of AZA is 

transformed to 6-MP, a conversion factor of 2.08 must be used for comparing equal doses 

of 6-MP and AZA. 

As an antineoplastic, immunosuppressant and antimetabolite drug is 6-mercaptopurine 

which use for treatment of human leukemia (ALL), rheumatoid arthritis and lupus 

erythematosus [138,139]. It is also used for non-Hodgkin-lymphoma, polycythemia vera, 

systemic lupus erythematosus and inflammatory diseases like Crohn’s syndrome and 

ulcerative colitis when 6-MP combination with other drugs [137,140]. 

1.8.2.   Mechanism of 6-Mercaptopurine 

Potential immunosuppressive effect of 6-MP showed on antigen injected animals that treated 

with 6-MP, obtained results show antibody response development prevention established by 

Schwartz et al. [141]. DNA, RNA and protein synthesis inhibitions and also effects of 

reactive thiol group cause immunosuppressive and cytotoxic effect of 6-MP. 

6-MP and also azothiopurine interferes involve biochemical pathways via using with 

endogenous purine (central components of DNA, RNA and some co-enzymes) [142]. In 

erythrocytes, glutathionyl imidazole and 6-MP occurs through once administered AZA is 

cleaved via nonenzymatic reaction [143].  



17 

6-MP has immunosuppressive features that conceivable regulated by its involvement with 

nucleic acid metabolism and protein synthesis in the series following antigen stimulation, 

and via its cytotoxic activity on lymphoid cells [144,145]. This cytotoxicity against 

lymphoid cells provides to 6-MP using leukemia and lymphoma treatment. Into a 

ribonucleotide, 6-MP must be transformed intracellularly because it is not active. Via the 

xanthine oxidase enzyme, 6-MP is catabolized and transformed to 6-thiouric acid in the 

intestinal mucosa and liver [142]. 6-MP exact bioavailability ranges from 5-37 percent as 

proof [146]. 6-MP anabolic transformation of active metabolites occurs intracellularly 

through hypoxanthine phosphoribosyl transferase (HPRT) and thiopurine methyl-transferase 

(TPMT), resulting in 6-methylmercaptopurine (6-MMP), 6-methylthioinosine 5'-

monophosphate (6-Me-tIMP), and 6-thioguanine nucleotides (6-TG). TPMT activity shows 

a genetic polymorphism.  Increased cytotoxicity has been associated with low TPMT 

activity, through the metabolism of 6-MP to be shunted towards the excessive 6-TG 

nucleotides production [147]. 

Active and inactive end products of 6-MP obtained via several enzymatic pathways. There 

are three key enzymes for 6-MP metabolism which are xanthine oxidase (1), hypoxanthine 

phosphoribosyltransferase (2) and thiopurine methyltransferase (3). Hepatocytes and 

enterocytes contain a high concentration of xanthine oxidase. 6-thiouric acid, an inactive 

metabolite, is occurred by xanthine oxidase which converts 6-MP. Xanthine oxidase, the 

first pass catabolism of 6-MP, provide oral bioavailability reduces of drug as a significantly. 

6-MP biotransformation to its active metabolite (6-thioguanine nucleotide/6-TGN) carried 

out by hypoxanthine phosphoribosyltransferase as a second key enzyme of 6-MP 

metabolism6-MP and the intermediate of the hypoxanthine phosphoribosyltransferase 

pathway, which is converted to methylmercaptopurin.e ribonucleotide and 6-

methylmercaptopurine, which are inactive metabolites, by thiopurine methyltransferase 

(TPMT) [148]. 
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Figure 1.7. Schematic representation of  6-MP mechanisms [149] 

Immunomodulatory and anti-inflammatory exact molecular mechanisms of 6-MP and AZA 

are unknown however presumably it occurs through several mechanisms. 6-TGNs active 

metabolites interfering chromosomal replications and synthesis of RNA and DNA [142]. T 

and B lymphocytes proliferations inhibited by 6-MP and AZA. Drugs interfere with the 

cytotoxicity of T and B cells then reduce cell-mediated immunity and suppressor T-cell 

function [142,145]. According to the latest evidence, drugs, immunosuppressive properties 

occur via inducing T-cell apoptosis [148,150].  

Lymphoblastic leukemia (ALL) survival rates have significantly increased by 6-MP 

antimetabolite [151–153] The primary thiopurine cytotoxicity metabolism causes 6-

thiodeoxyguanosine (dGS) nucleotide incorporation into DNA in proliferating cells 

[154,155] that leads to two effects. First effect is dGS insertion into DNA accounts for 

altered DNA-protein interactions [156,157]. The second effect, thiopurine cytotoxicity is 

promotes by the DNA mismatch repair system (MMR) via initiating a cycle of futile efforts 

to repair DNA lesions which including thioguanine mismatch pairs [158,159]. 

Cytochrome c  amount, which released into the cytosol, extremely enhanced with 6MP 

treatment in Leydig cells [160]. 6-MP increased Bcl-XL expression in Leydig cells 

treatment. Further, the toxicity of 6-MP related to ROS production. Thiouric acid occurs by 

cytosolic xanthine oxidase through to 6 MP metabolization that process has the potential to 



19 

form ROS (reactive oxygen species) especially H2O2, in some cell types  [161]. The study 

investigates the ROS mechanism in the presence of 6-MP. This study result demonstrates 

ROS produces by 6-MP and that important step in eliciting Leydig cell death [160].  

6-MP stimulates the caspase pathway. Leydig cells were immune to the cytotoxic effect of 

6 MP when caspase 9 inhibition (by Ac-LEHD-CHO, abbreviated LEHD) or pan-caspase 

inhibition (by ZVAD-FMK, abbreviated ZVAD) was used. To verify that it was involved, 

researchers examined to see whether a caspase 3 target, PARP, was cleaved in Leydig cells. 

Immunoblot study using an antibody that directly recognizes cleaved PARP reported 

enhanced cleavage in 6 MP treated cells, indicating caspase 3 activation. Inhibition of 

caspase 3's upstream activator, caspase 9, also prevented PARP cleavage caused by 6 MP. 

Surprisingly, caspase inhibition had no effect on 6 MP-induced ROS development. Overall, 

these results suggest that although 6 MP produces ROS, it is incapable of eliciting death on 

its own and needs caspase 3 activation as well. 

According to the study cell death by 6 MP generated ROS: Xanthine oxidase generates 

thiouric acid via metabolization of 6-MP. By acting on mitochondria through cytosolic ROS 

(suppressed by NAC), this causes cytochrome c release in a BAK-independent way. The 

apoptosome is a complex that recruits pro-caspase 9, which is then auto-activated [162]. 

After that, triggered caspase 9 cleaves pro-caspase 3, initiating a cascade of events that 

culminate in cell death, including PARP cleavage. Leydig cell death is aided by thiopurine 

nucleotide triphosphates of 6 MP. Apoptosome activation is enhanced by thiopurine 

nucleotides. Thiopurine nucleotides enhance apoptosome assembly [160]. 

Acording to study, leydig cell death via 6-MP induced require two pathway. One of them, 

cytosolic ROS productions with thiouric acid by 6-MP metabolism, generating cytochrome 

c release. Thiopurine nucleotides, which produce via 6-MP metabolization, are incapable for 

apoptosome activating. Thiopurine nucleotides are incapable apoptosome activation, also its 

are 6-MP metabolits [160].  

6 MP is divided into nucleotides of thiopurine which cannot cause their apoptosome alone. 

When filled with dATP, however, Apaf-1 takes the form that makes it easier to bind 

thiopurine nucleotides. This new mechanism for activation of apoptosome demonstrates the 

importance of the relationship among concentration of thiopurine nucleotide and dATP in 
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that new cell death mechanism. Ultimately, exports by MRP4 would prevent apoptosome 

activation of thiopurine nucleotides. 

6-MP has antiproliferative effects via various mechanisms in terms of de novo purine 

synthesis inhibitions and ability to DNA damage and its leading to apoptosis (through to 

incorporation into nucleic acids chains) [163].  ATP and GTP de novo biosynthesis are 

inhibited by 6-MP [164]. 6-MP may interfere with impact metabolic reprogramming and 

metabolic checkpoints due to phosphatidylinositol 3 kinase (PI3K) / mammalian target of 

rapamycin (mTOR) signaling pathway is inhibited by drug in cancer and T cells [165,166]. 

1.8.3.   Thiopurine Methyltransferase Enzyme (TPMT) 

6-thioguanine which is cytotoxic nucleotide metabolites and TPMT activity have reciprocal 

relation in leukemic children’s erythrocytes when they taking 6-MP. Correspondingly, this 

may cause competition between the 6-thioguanine nucleotides formations through to 

separate pathways and TMPT catalyzed metabolic pathways. In other words, the higher 

TMPT inherited activity fewer 6-MP is suitable to transformation for active nucleotide 

metabolites [142]. 

6-MP catabolized by thiopurine methyltransferase (TPMT). 6-MP convert to inactive 6-

methylmercaptopurine (MMP) as a result of this catalysis. Low activity of TPMT interprets 

(translates) in higher erythrocyte concentrations of 6-thioguanine nucleotides (TGNs) which 

are 6-MP active metabolites. In ALL patients, lower possibility of disease relapse and 

hematopoietic toxicity such as neutropenia correlate with higher TGN concentrations [167]. 

TGNs could converted to contain thioguanine (TG) also thioguanosine (rTG) that are 

thiopurine bases through acid-hydrolyzed [138]. 



21 

 

Figure 1.8. Polymorphisms in the 6-MP intracellular pathway have been related to an 

adverse effects increased risk [168] 

TPMT activity causes the wide interindividual differences due to widespread genetic 

polymorphism [169]. S-methylation catalyze is the major catabolic pathway of 6-MP 

through the thiopurine methyltransferase enzyme. Common genetic polymorphism causes a 

variety of TPMT activity in Individuals [170]. High TPMT activity (TPMTH) for an allele 

shows homozygous roughly 89 percent of the population, however low TPMT activity 

(TPMTH) for an allele shows homozygous roughly 1 percent of the population, in 300 

subjects. Heterozygous (TPMTH/TPMTL) and intermediate consist of 11percent of 

population [169]. 

1.8.4.   De Novo Purine Synthesis Inhibitions of 6-Mercaptopurine 

For inhibit de novo purine synthesis within a cell, methylatedthioinosinic acid (MeTIMP), 

active form, catalyzed by hypoxanthine phosphoribosyltransferase (HPRT) as a first 

metabolized of 6-MP [171]. Then it was translated into a DNA intercalating agent called 6-

thioguanine (6-TG). As a result, 6-TG incorporation causes cytotoxicity via G2/M and/or S 

phase arrest [172]. XO (Xanthine oxidase) and TPMT (thiopurine S methyl transferase) 

complex biotransformation 6-MP that causes incomplete and variable bioavailability 
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(approximately 16–50 percent) and restricts 6-MP bioavailability [173,174], plummeting 

chemotherapeutic impact and life-threatening toxicity [137,142,175]. 

1.8.5.   Anticancer Effect of 6-Mercaptopurine 

In biological system, 6-MP is an anticancer-inactive. But through to enzymatic reactions, 6-

MP can be converted into anticancer-inactive as an intermediate. Those enzymatic reactions 

for prevent cancer cells replications via include into DNA and RNA sequences [55]. First 6-

MP transformed to 6-thioinosine monophosphate (6TIMP,) after to 6-mercaptopurine-ribose 

(6MPR) under the hypoxanthine guanine phosphoribosyl transferase (HGPRT) catalysis, can 

be shown as proven examples [176].  
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2.   MATERIALS 

2.1. CHEMICALS AND REAGENTS 

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS) and Trypsin-

EDTA/0.25 percent were purchased from Sigma-Aldrich/Germany. 

Penicillin&Streptomycin/10,000 U/mL and phosphate buffered saline (PBS) were purchased 

from Gibco/UK. WST-1 Cell Proliferation Reagent were obtained from Roche Diagnostic 

GmbH/Germany. Metformin and 6-mercaptopurine were obtained from Sigma-

Aldrich/Germany. HAuCl4•3H2O was supplied from Sigma-Aldrich/Germany. C6H5Na3O7 

were acquired from Merck Millipore/Germany.  

2.2. INSTRUMENTS 

Instruments used for this study is that UV/Vis spectrometer from PerkinElmer/USA, 

Zetasizer Nano-ZS (dynamic light scattering (DLS)) from Malvern Insturements/UK, 

Raman microscopy system from InVia Reflex, Renishaw/UK, ELx800 Absorbance Reader 

from Biotek/USA, Esco Class II type Biohazard safety cabinet from A2/USA and CO2 

incubator (37oC, CO2 5 percent) from Nuaire/USA. 

2.3. CELL LINES 

A549 (human epithelial lung carcinoma) and Beas-2b (human epithelial bronchus) cell lines 

were received from American Type Culture Collection (ATCC)/USA. 
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3.   METHODS 

3.1. GOLD NANOPARTICLES SYNTHESIS 

Average size of 50 nm spherical AuNPs were synthesized by Turkevich method as a known 

citrate reduction method [177]. Before starting the synthesis, HCl:HNO3 of 3:1 (aqua regia) 

used for washing and surface cleaning of glasses which are used for gold nanoparticles 

synthesis. Under continuous stirring, 10 mg of HAuCl4.3H2O in 100 mL dH2O was heated 

to boil. Thereafter, 0.8 mL of one percent Na3C6H5O7 was added quickly. The boiling AuNPs 

solution was allowed to cool at 25°C after 15 min. AuNPs stored in the dark at room 

temperature. 

3.2. GOLD NANOPARTICLES CHARACTERIZATIONS 

AuNPs were characterized via UV-Vis spectrophometer. Hydrodynamic size measurements 

of the 50 nm AuNPs were measured using Zetasizer Nano-ZS at the room temperature at 

173°C scattering angle with a 4 mW He–Ne laser.  

3.3. CELL CULTURE 

Beas-2b cells were grown in high glucose DMEM with 5 percent FBS, and 1 percent P&S 

A549 cells were grown in DMEM/F-12 including 10 percent FBS and 1 percent P&S. 

Cultured conditions was 37°C under 5 percent CO2 humidified atmosphere for the cells. 

3.4. WST-1 CELL PROLIFERATION ASSAY 

12x103 Beas-2b or A549 cells were seeded on 96-well plate incubated for 24 h which allows 

attachment of the cells. Afterward, cells were exposed with 2.5, 5, and 20 µM MET or 0.5, 

2.5, and 15 µg/ml 6-MP. After 24 hours, drug including medium were replaced with 5 

percent WST-8 reagent in cell medium. Following 2 hours incubation with WST-8 reagent, 

absorbance of formazan formed by reduction of tetroazolium salts was measured at 450 nm 
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using by ELISA reader. 10 percent DMSO was used as a positive control. The two-paired 

Student’s t test was used as * for p≤0.05, ** for p≤0.01, ***for p≤0.001.  

3.5. SERS MEASUREMENTS 

15.000 Beas-2b or A549 cells/well were seeded on CaF2 slides in 24 well plate and incubated 

for 24 hours to attachment of cells. Then, cells were treated with 50 nm AuNPs for 24 hours. 

Following 24 hours, cells were treated with increasing concentration of MET or 6-MP in the 

presence of 50 nm AuNPs for 24 hours. Then, cells on CaF2 slides were washed with PBS 

once, then CaF2 slides were moved on the polydimethylsiloxane (PDMS) coated petri dish 

to suppress polystyrene peaks from petri dish. 20 µL cell culture medium was added on CaF2 

because these cells were not fixated and they were alive. The medium prevented cells from 

drying during SERS measurement under the laser.  

Using a Renishaw InVia Reflex Raman Microscopy System and Leica 20x long distance 

objective (N.A=0.40) all measurements were performed. 830 nm photodiode laser source 

with 1200 line/mm grating was used to acquire the SERS spectra by mapping the cells. The 

laser power was 150 mW and the exposure time was 2 sec. The spectral acquisition range 

was set to 1471-471 cm-1. The laser spot size was calculated as approximately 2.5 µm on the 

sample according to 1.22 ƛ/NA formula. For mapping, step size was chosen as 2 µm which 

is resulted as approximately 45 spectrum per cell. The average spectra of each treatment 

were obtained from 90 cells with three replications. Wire 4.1 software used for processing 

subtracting baseline, cosmic ray removal, smoothing and normalizing 1 for SERS spectra.   
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Figure 3.1. Experimental design of treatment and SERS measurements. 

3.6. STATISTICAL ANALYSIS 

The PCA (principal component analysis) performed to the average SERS spectrum from 90 

cells per treatment group has explained SERS spectrum variation. The two-paired Student’s 

t test was used as * for p≤0.05, ** for p≤0.01, ***for p≤0.001.  
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4.   RESULTS AND DISCUSSION 

4.1. CHARACTERIZATION OF GOLD NANOPARTICLES 

Characterizations of 50 nm AuNPs were obtained using UV/Vis spectroscopy and DLS. 

4.1.1. UV/Vis Spectroscopy 

The absorbance of 50 nm average size of AuNPs were observed by UV/Vis spectrometer. 

According to the literature the standard wavelength of 50 nm AuNPs is 532 nm [178]. The 

absorption band of 50 nm AuNPs was obtained at 530 nm as seen in figure 4.1.1. 

 

Figure 4.1.1. UV-Visible absorbance spectrum of AuNPs 

4.1.2. Dynamic Light Scattering 

The average hydrodynamic size of AuNPs was measured 50 nm using DLS shown in figure 

4.1.2. Explanation of the 50 nm AuNPs is that citrate ions which associated with 

nanoparticles surface measuring together AuNPs by DLS consequently the hydrodynamic 

size of AuNPs was measured larger than the 50 nm AuNPs. 
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Figure 4.1.2. DLS spectra of suspension of AuNPs 

 

4.2. WST-1 CELL PROLIFERATION ASSAY 

The cytotoxicity of MET was analysed by WST-8 cell viability assay. Fig. 4.2.1. Shows 

WST-8 cell viability assay results of Beas-2b and A549 cells exposed with 2.5, 5 and 20 µM 

MET. 10 percent DMSO was used for positive control. There is not any cytotoxic effect of 

MET on Beas-2b cells while it induced a dose dependent toxicity on A549 cells. Especially, 

at 20 µM MET concentration, viability of A549 cells were decreased up to 52 percent. A 

high dose of MET decreases hepatic gluconeogenesis and suppresses mTOR signaling 

causing the inhibition of cancer cells proliferation [57,61,116,179–184].  
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Figure 4.2.1. WST-8 cell proliferation assay of Beas-2b and A549 cells treated with 

different concentrations of MET.  (* for p≤0.05, ** for p≤0.01, ***for p≤0.001) 

Figure 4.2.2. shows WST-8 cell viability assay results of Beas-2b and A549 cells exposered 

with 2.5, 7.5 and 15 µg/ml 6-MP. Again, 10 percent DMSO that was used as a positive 

control. 6-MP has significant cytotoxic and antiproliferative effect on both Beas-2b and 

A549 cell lines due to the inhibitory effect on de nova purine synthesis. 

 

Figure 4.2.2. WST-8 cell proliferation assay of Beas-2b and A549 cells treated with 

different concentration of 6-MP.  (* for p≤0.05, ** for p≤0.01, ***for p≤0.001) 
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4.3. SERS MEASUREMENT 

The molecular mechanisms of drugs in the presence of 50 nm AuNPs in single-cell were 

analyzed using SERS. Beas-2b and A549 cells were exposed with 50 nm AuNPs. After 24 

h treatment of AuNPs, cells were exposed with MET and 6-MP during 24 h and in the 

presence of 50 nm AuNPs. Subsequently, SERS spectra of 30 MET and 6-MP treated Beas-

2b/A549 cells were collected, separately. This process was repeated in three times. 

Intensities of SERS spectra and obtained spectral information from the drug treated single 

cells changed depending on drugs molecular mechanisms. 

Endocytosis is the mechanism via that nanoparticles are introduced into living cells. That is 

achieved by merely applying NPs to the serum media. AuNPs are taken up by early 

endosomes through aid of cargo proteins and lipids [185]. The vesicular bud matures can 

fuse with endolysosomes, forming AuNP dimers and trimers. In the meantime, proteins and 

receptors, especially cysteine-rich proteins, has major role in these processes [186]. 

Endosome maturation and AuNP aggregation status may be responsible for the observed 

spectral changes. Spectral variations which seen with both drugs, also due to endosomal 

dynamic changes induced by AuNPs accumulation state in the cell. According to this, 

spectral changes can explain with the mechanism of the drug as well as the changes in the 

endosomal pathways. 

Cancer cells are normally glycolytic (Warburg effect), they are unlikely to be vulnerable to 

mitochondrial poison. Cells are supposed to generate mitochondrial ATP as they absorb 

oxygen at the mitochondrial level. This makes mitochondrial ATP production still exists 

even as the share of mitochondrial ATPs released in cancer cells is lowered, and this decrease 

may be detrimental. This inhibits cell proliferation with glucose in HCT116 p53 cells / 

cancer cells and stimulates cell death without glucose. Furthermore, overexpression of the 

MET-resistant NADH dehydrogenase NDI1 in Saccharomyces cerevisiae completely blocks 

the MET effect, demonstrating that metformin toxicity is largely based on its effect on 

Complex I. It's also possible that cancer cells have more MET accumulation or Complex I 

sensitivity to MET than normal tissues (personal hypothesis), and that these hypotheses have 

yet to be tested. [67].  As previously mentioned, MET inhibits cancer cell proliferation. As 

a result, it's linked to SERS spectra results. According to SERS results, MET that has 

different effects on normal and cancer cells. Although the effect on cancer cells of MET is 
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higher than on normal cells, the SERS intensities of normal and cancer cells differ from each 

other. 

The SERS spectra obtained from Beas-2b cells are presented in Figure 4.3.1. It was found 

that obtained spectra have changed in the intensity for the treatment of increasing 

concentrations of MET. Intensity of 500 cm-1 -disulfate (S-S) bond vibration-, 655 cm-1 - 

amino acid methionine-, 1000 cm-1 -Phenylalanine-, 1030 cm-1 -Phenylalanine of collagen- 

peaks have changed compared with control groups. Further, intensity of 830 cm-1 -nucleic 

acids-, 1180 cm-1 -Cytosine/guanine-, 1222 cm-1 -nucleic acids, Cellular nucleic acids-, 1350 

cm-1 -Guanine- have changed after the MET treatment. The overall changes in AMPK 

activation are increased presence of MET. Activated AMPK causes inhibition of mTOR1 

that is resulting inhibition of cell proliferation and protein synthesis [187]. The hypothesis 

is intriguing as that suggests a causal link among late endosome-lysosome and MET actions 

of AMPK and mTORC1 inhibition. Metformin is affected by the molecules mentioned above 

on mitochondrial activity, nucleus (gene transcription), also late endosome/lysosome 

function [133]. 1130 cm-1 -Phospholipid structural changes-, 1270 cm-1 -Typical 

phospholipids-, 1310 cm-1 -lipid/collagen- peaks intensities have changed. These peaks 

change may occur due to the reducing of hydrophobic amino acid in membrane structures. 

MET cause inhibition of lipids and reduce gluconeogenesis [140,143]. Another reason of 

lipid changes can for the MET effect of inducing apoptosis. In several human cancer cells, 

MET induces apoptosis. MET induces caspase 3 activation (key molecule for the executes 

apoptosis) that results of apoptosis promotes [126,188,189].  Morphological changes in 

apoptotic cell death are characterized by blebbing of plasma membrane, nuclear 

fragmentation, chromatin condensation, and apoptotic body creation [190,191]. Another 

explanation of that changing is that MET effect on endosome. Metformin can influence 

endosomal pH through attacking eNHE or V-ATPase, which is the clearest way for it to 

regulate the endocytic cycle. That changes in pH in endosomes and lysosomes may effect 

mitochondrial function. Metformin may have a number of possitive effects on the cell via 

modifying the endosomal compartments pH as well as lysosomes also late endosome. 

Metformin can influence cell metabolism via affecting  endocytic cycle rate for receptor and 

transporter trafficking and autophagy, as well as directed activation or suppression of AMPK 

and/or mTOR by flipped the late endosome/lysosome states [136, 192]. According to the t-
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test results, the amino acid methionine, nucleic acids, cytosine/guanine, nucleic acids, typical 

phospholipids and guanine peaks changed significantly. 

 

 

Figure 4.3.1. Average SERS spectra of Beas-2b cell line at increasing MET concentrations 

(* for p≤0.05, ** for p≤0.01, ***for p≤0.001, *: represent to 2.5 µM, *: represent to 5 µM, 

*: represent to 20 µM) 

PCA (principal component multivariate analysis) is use for large data set to identify major 

changes of basis on the data. For this reason, PCA suitable for discriminating large changes 

in SERS spectra derived from biomolecules. In this study, PCA was utilized for the SERS 

spectra of each control, MET and 6-MP treated cells. 

Figure 4.3.2. Represents comparison of the major variations of first and second PCs of 

control and MET treated Beas-2b cells. The PC1 scores comparison of control and MET 

treated cells was illustrated in figure.4.3.2 (a) The most significant positive contribution after 

MET treatment were observed of peaks 500 cm-1 -ν(S-S) gauche-gauche-gauche-, 1145 cm-

1 –Glycogen-, 1310 cm-1 -lipid/collagen-, 1350 cm-1 -Guanine-. On the other hand, 

negative contributions were observed from the peak is 1000 cm-1 -Phenylalanine-. Figure 

4.3.2. (b) Demonstrates the comparison of PC2 scores of each control and MET treated cells. 

The positively dominating variables were observed 520 cm-1 -Phosphatidylinositol-, 750 cm-

1 -tryptophan-, 880 cm-1 -Tryptophan-, 1145 cm-1 –Glycogen-.  1300 cm-1 –lipids- peak was 
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changed as a negative contribution. As it is clearly seen from the PC1 and PC2 scores, the 

variables of the spectra from control and MET treated Beas-2b cells were changed lipids, 

proteins, nucleic acids and also glycogen structures. Reason of this changes is that 

mechanisms of MET which AMPK, lipid, protein and glycogenesis inhibitions mechanisms. 

 

Figure 4.3.2. Comparison of (a) first and (b) second PCs of control and MET treated Beas-

2b cells 

On the other hand, MET have different action mechanism on the cancer cells when compare 

with normal cells. Cancer cells even more acidic as they produce lactic acid while healthy 

cells have alkaline medium. MET has positive charge, also glucose level is low, MET 

changes accelerating cytotoxic to cancer cells. Because of this property of metformin, it does 

not harm healthy cells and is toxic to cancer cells. The spectral changes during different 

concentration of MET treatment on A549 cells are shown in Figure 4.3.3.  

500 cm-1, 592 cm-1 and 708 cm-1 peaks demonstrates increase, related to ν(S-S) gauche-

gauche-gauche, glycerol and membrane phospholipids, respectively. MET suppress lipid 

and cholesterol biosynthesis. This suppression mechanisms partially relevant to 

mitochondrial respiratory chain complex I as a temporary inhibition and also dependent on 

indirect AMPK activation [140,193]. AMPK is main regulator of lipid biosynthetic pathways 

because AMPK has effect on inactivation also phosphorylation of main enzymes as acetyl-

CoA carboxylase (ACC) [80,194]. Another inducing effect of MET on apoptosis is that 

stimulating ROS production and the mitochondrial membrane potential reducing. P53 can 

activated and phosphorylated by AMPK, after that P53 induces cell apoptosis which happen 

in low nutrient conditions. As a result of MET promote apoptosis through AMPK/p53 

pathway activations [126,195].  
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Intensity of amino acid methionine and phenylalanine of collagen peaks were decreased at 

635 and 1030 cm-1. Phenylalanine peak intensities increased at 1000 cm-1. 926 cm-1 peak 

occurred related with protein band. Peak intensities at 667 cm-1, 830 cm-1 and 1222 cm-1 

originating from DNA/RNA, nucleic acids and Cellular nucleic acids changed. Moreover, 

intensity of guanine peaks decreased at 1316 cm-1 and 1350 cm-1. The cause of protein and 

nucleic acids peaks changing is MET mechanisms. Proliferation of cells and protein 

synthesis in cancer cells inhibition occur when the AMPK activation mediated by mTORC1 

signaling inhibition. mRNA translation regulations, Protein and de novo lipid synthesis 

promote by mTOR [196,197]. Also, mTOR promotes cell growth and nucleotides synthesis 

through protein catabolism suppression [198]. Furthermore, mTORC1 inhibits the DNA 

damage response cascade by inducing p53 target genes such as the AMPK regulatory subunit 

(AMPK), PTEN, and TSC2, which all increase TSC function [199,200]. Beside that effects 

of MET, also drug effects endosome mechanisms which results spectral change of proteins. 

Metformin, by the way, activates AMPK, stimulates mTORC1, and mimics inhibition of V-

ATPase. Metformin works in the same manner as V-ATPase inhibition does in simulating 

starvation. Metformin, according to one hypothesis, causes the late endosomal/lysosomal 

state to transition from nutrient-rich to nutrient-starved, possibly via influencing proteins in 

late endosome/lysosome as Na1/H1 exchangers as well as V-ATPase [199,200]. According 

to the t-test results, the amino acid methionine, membrane phospholipids, nucleic acids, 

protein band, phenylalanine, cellular nucleic acids, guanine peaks changed significantly. 
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Figure 4.3.3. SERS spectra of A549 cell line at increasing MET concentrations (* for 

p≤0.05, ** for p≤0.01, ***for p≤0.001, *: represent to 2.5 µM, *: represent to 5 µM, *: 

represent to 20 µM) 

Figure 4.3.4. represents comparison of the major variations of first and second PCs of control 

and MET treated A549 cells. The PC1 scores of control and MET treated A549 cells was 

illustrated in Figure.4.3.4. (a) The main differences after MET treatment achieved with 

positive contribution of peaks 500 cm-1, 650 cm-1, 830 cm-1, 1130 cm-1, 1310 cm-1 related to 

ν(S-S) gauche-gauche-gauche, Tyr, nucleic acids, phospholipid structural changes and 

lipid/collagen respectively. The negative contributions were observed at 570 cm-1 -

Tryptophan/cytosine, guanine-, 712 cm-1 –adenine-, 1000 cm-1 –Phenylalanine-, 1035 cm-1 

–Collagen-. The PC2 scores after the MET exposure seen in Figure 4.3.4. (b) intensity of 

peaks decreased compared with control at 500 cm-1 -ν(S-S) gauche-gauche-gauche-, 630 cm-

1 -Glycerol-, 920 cm-1 -proline ring/glucose-, 1030 cm-1 -Phenylalanine of collagen-,1150 

cm-1 -protein-, 1310 cm-1 -lipid/collagen-,1350 cm-1 –Guanine-.  De novo lipid synthesis 

promotes by mTOR. MET inhibits mTOR activations. Lipid changes reason is that the 

mTOR inhibitions by MET treatment on A549 cells. The extent of autophagy induction is 

determined by mTOR and AMPK activity.  mTORC1, which regulates genes expression to 

lysosomal biogenesis and autophagy machinery, that autophagy regulates through nuclear 

translocation phosphorylating and inhibiting of transcription factor TFEB [192,200,201]. 

These mechanisms explain the nucleic acids changes on A549 cells when cells treated with 

MET. 
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Figure 4.3.4. Comparison of (a) first and (b) second PCs of control and MET treated A549 

cells 

SERS spectra of Beas-2b cells when treated with increasing 6-MP concentrations illustrated 

Figure 4.3.5. For this reason, some peak of nucleic acid intensities is change because of 6-

MP mechanisms. The significant changes about nucleic acid peaks intensities are that DNA 

-685 cm-1- and guanine -1350 cm-1-. 6-MP have effect on pathway of de novo purine 

synthesis the way of inhibition. Thus, observations changed of nucleic acid and DNA/RNA 

components in cells. Another explanation of this change according to endosomal pathways 

is that may be clarified by the development of larger AuNP aggregates within the 

endolysosome, which could contribute to increased activity of GTPase to have enough 

energy to endolysosomal protein structure control. OH out-of-plane bending and ν(S-S) 

gauche-gauche-gauche, glycerol, Phospholipid structural changes, typical phospholipids are 

changing because of its membrane structures, at 585 cm-1,501 cm-1, 630 cm-1, 1130 cm-1 and 

1270 cm-1. Changing peak of proteins are tyrosine at 835 cm-1 and 1175 cm-1, phenylalanine 

at 1000 cm-1 and 1030 cm-1. When the nucleic acids or DNA inhibits, central dogma of gene 

expression that include replication transcription and translation pathways is inhibited. This 

mechanisms results inhibition of protein synthesis [140,187,202,203].  Another point of 

view of that changes which there are lipids in the endosomal membrane that are aligned with 

the endosomal membrane identity. With the maturation of early endosomes to late 

endosomes, both these spectral variations mean that AuNPs association with endosomal 

membrane declined. Biochemical changes in endosomal vesicles dominated the observed 

spectral changes. According to the t-test results, the DNA, tyrosine and guanine peaks 

changed significantly. 

b)a)
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Figure 4.3.5. Average SERS spectra of Beas-2b cell line at increasing 6-MP concentrations 

(* for p≤0.05, ** for p≤0.01, ***for p≤0.001, *: represent to 0.5 µg/ml, *: represent to 2.5 

µg/ml, *: represent to 15 µg/ml) 

Figure 4.3.6. represents comparison of the major variations of first and second PCs of control 

and 6-MP treated Beas-2b cells. The PC1 scores of control and 6-MP treated cells was 

illustrated in Figure 4.3.6. (a) The primary changes after 6-MP treatment were observed 

peaks are 550 cm-1, 746 cm-1, 1000 cm-1, 1310 cm-1 and 1425 cm-1 contribute to cholesterol, 

DNA/RNA, phenylalanine, lipid/collagen and deoxyribose, respectively. The PC2 scores of 

6-MP treated Beas-2b cells was demonstrated in Figure 4.3.6. (b) important peak changes 

were that 490 cm-1 –Glycogen-, 640 cm-1 -proteins; tyrosine-, 674 cm-1 - DNA-, 750 cm-1 -

tryptophan-, 844 cm-1 -polysaccharide structure-, 1000 cm-1 –phenylalanine-, 1030 cm-1 -

Phenylalanine of collagen-,1140 cm-1 -carbohydrates-, 1350 cm-1 -guanine-. 

 

Figure 4.3.6. Comparison of (a) first and (b) second PCs of control and 6-MP treated Beas 

cells 

a) b)
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SERS spectral changes of A549 cells treated with increasing concentrations of 6-MP 

demonstrated on Figure 4.3.7. Intensity of 500 cm-1 -ν(S-S) gauche-gauche-gauche-, 1130 

cm-1 -Phospholipid-, 1310 cm-1 -lipid/collagen-, 1350 cm-1 -Guanine- changed. This may be 

attributable to the start of 6-MP mechanisms of apoptotic cell death pathways 

Phosphatidylserine (PS) localization at the external surface of the cell membrane, 

permeabilization of mitochondrial membrane, cytochrome-c release, activation of caspase, 

also cleavage of inter-nucleosomal DNA are all well-known biochemical modifications in 

apoptosis. 6-MP has antiproliferative effects via de novo purine synthesis inhibitions and 

ability to DNA damage and its induces apoptosis (through to incorporation into nucleic acids 

chains) [204], [163]. One of the apoptosis mechanisms is ROS releases. 6-MP has potential 

ROS production [160]. When that spectral changes evaluate in terms of endosome 

mechanism, these changes can be explained as follows: Along membrane wrapping and 

budding from the cell membrane, AuNPs interfere with membrane receptors. The vesicles 

transition from the cell membrane to the cytosol as time progresses. Besides that, early 

endosomes combine with lysosomes, allowing proteases to reach the endosome. As a result, 

peak intensities increase responding with protein structures on the other hand peak intensities 

reduction responding to phospholipid structures may suggest endosome motion from early 

endosomes to lysosomes. 

The intensities of 650 cm-1 -C-C twisting of Tyr-, 750 cm-1 -Symmetric breathing of 

tryptophan-,880 cm-1 –Tryptophan-, 1000 cm-1 –phenylalanine-, 1215 cm-1 –Protein- 

relatively changed. Purine deprivation appears as 6-MP blocks the novo purine synthesis 

lead to induction of DNA synthesis, cell proliferation reduction also cytotoxicity [205]. 

Along with in vitro trials shown which de novo purine synthesis inhibition by 6-MP 

demonstrated cytotoxic effects [205,206]  and in vivo [207,208] a necessary cofactor for 

activation of 6-MP [209]. This spectral changes corresponding to the protein upregulation 

structure in the endosomes. Further nucleotides spectral changes may related the energy 

production in endosomal acidification [210]. According to the t-test results, the C-C twisting 

of Tyr, tryptophan, phenylalanine, protein, lipid/collagen peaks changed significantly. 
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Figure 4.3.7. SERS spectra of A549 cell line at increasing 6-MP concentrations (* for 

p≤0.05, ** for p≤0.01, ***for p≤0.001, *: represent to 0.5 µg/ml, *: represent to 2.5 µg/ml, 

*: represent to 15 µg/ml) 

Figure 4.3.8. represents comparison of the major variations of first and second PCs of control 

or 6-MP treated A549 cells. The PC1 scores of control and 6-MP treated A549 cells was 

demonstrated in Figure 4.3.8. (a)  The primary differences were detected after 6-MP 

treatment with positive contribution peak at 500 cm-1, 650 cm-1, 830 cm-1, 1130 cm-1,1300 

cm-1 contributed respectively, ν(S-S) gauche-gauche-gauche, Tyr, nucleic acids, 

phospholipid structural changes and lipids while negative contributions were observed from 

the peaks at 712 cm-1, 880 cm-1, 1000 cm-1,1030 cm-1, 1230 cm-1, 1430 cm-1 and 1460 cm-1 

related to adenine, tryptophan, phenylalanine, phenylalanine of collagen, amide III, 

deoxyribose  and lipids and collagen respectively. Figure 4.3.8. (b) Shows the PC2 scores of 

control and 6-MP treated A549 cells. The main difference in peak were observed at 510 cm-

1, 760 cm-1, 844 cm-1, 1194 cm-1, 1300 cm-1, 1350 cm-1 which are related to cysteine, 

pyrimidine ring breathing mode, polysaccharide structure, nucleic acids, lipids and guanine 

respectively. These changes on PC1 and PC2 are related to 6-MP mechanisms. 6-MP have 

effect on pathway of inhibition of de novo purine synthesis. Thus, nucleic acid also 

DNA/RNA components in cells changed. Morphological changes in apoptotic cell death are 

characterized by bleeping of the plasma membrane, nuclear fragmentation, chromatin 
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condensation, and apoptotic body creation also phospholipid degradation in the 

endolysosomal membrane structure [191, 211, 212].  

 

Figure 4.3.8. Comparison of (a) first and (b) second PCs of control and 6-MP treated 

A549cells 
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5.   CONCLUSION AND FUTURE PERSPECTIVES 

SERS is a powerful technique to analyze single-cells absence of labeling. SERS has been 

used for chemistry, physics, nanoscience and biological science, DNA hybridization, in vivo 

tumor targeting, biomolecules analysis including drug studies. In this study, it was shown 

that a label free SERS based approach to analysis of different drugs molecular mechanisms 

is illustrated. Thus, effects of drugs on normal and cancer cells were observed and it was 

found that SERS could be used to study the drug molecular mechanisms on single cells using 

the AuNPs as substrates. 

The experimental design of SERS based system is quite easy. First, AuNPs with 50 nm 

average size were synthesized with a well-known citrate reduction. Then, beas-2b and A549 

cells were exposed to a volume of colloidal suspension of 50 nm AuNPs. After 24-hour 

AuNPs incubation, the cells were exposed to Metformin and 6-Mercaptopurine for 24 hours. 

Finally, single cell analysis was achieved by mapping an area of living single cell and the 

collected spectra were analyzed. An attempt to relate the spectral changes to the metabolic 

changes were made.   

The interpretation of spectral information from the Metformin treated cells is made in the 

light of the molecular pathways of the drug. In Beas-2b cells, the intensities attributed to PO2 

− stretch of nucleic acids, cytosine/guanine, cellular nucleic acids, and/or guanine 830 cm-1, 

1180 cm-1, 1222 cm-1, and 1350 cm-1, respectively, are changed after the MET treatment, 

respectively. These intensity changes are attributed to increased AMPK activation through 

MET treatment. In addition, mTOR1 inhibitions cause cell proliferation and protein 

synthesis inhibition. Further, Metformin cause lipid inhibition. Therefore, the intensity 

changes at 1130 cm-1, 1270 cm-1 and 1310 cm-1 attributed to variation in phospholipid 

composition. 

The SERS spectra of Metformin exposed A549 cells shows some significant changes. The 

intensities of 592 cm-1 and 708 cm-1 peaks increase, and these peaks are attributed to glycerol 

and membrane phospholipids, respectively. Perhaps, this can be explained with the 

suppression of lipid and cholesterol biosynthesis. MET suppress lipid and cholesterol 

biosynthesis. These suppression mechanisms partially relevant to mitochondrial respiratory 

chain complex I as a temporary inhibition and also dependent on indirect AMPK activation. 
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The peaks at 635 cm-1, 1030 cm-1, 1000 cm-1, 667 cm-1, 830 cm-1, 1222 cm-1, 1350 cm-1 are 

attributed to methionine, phenylalanine of collagen, phenylalanine, T, G (DNA/RNA), 

nucleic acids, cellular nucleic acids, guanine peaks were changed, respectively. The peak at 

926 cm-1 are attributed to proline and/or valine. The cause of inhibition of cell proliferation 

and protein synthesis AMPK activation mediated by mTORC1 signaling inhibition. Also, 

mTOR promotes nucleotides synthesis and cell growth via suppression of protein 

catabolism. It is thought that these metabolic changes of metformin cause the changes in the 

intensity of protein and nucleic acids peaks. Metformin may have a number of positive 

effects on the cell via modifying the endosomal compartments pH as well as lysosomes also 

late endosome. Metformin can influence cell metabolism via affecting endocytic cycle rate 

for receptor and transporter trafficking and autophagy, as well as directed activation or 

suppression of AMPK and/or mTOR by flipped the late endosome/lysosome states. 

In addition, 6-Mercaptopurine molecular mechanisms was investigated by SERS. 6-

Mercaptopurine effects on Beas-2b cells and it is that on guanine and DNA at 1350 cm-1 and 

685 cm-1. The reason for these effects that inhibition of de novo purine synthesis through 6-

Mercaptopurine. Further, tyrosine and phenylalanine were change at 835 cm-1 and 1175 cm-

1. When the nucleic acids or DNA inhibits because the MET mechanisms, central dogma of 

gene expression that include replication transcription and translation pathways is inhibited. 

These mechanisms result inhibition of protein synthesis. 

The intensities change of A549 cells which are treated with 6-Mercaptopurine were 

observed. Phospholipid structural changes, lipid/collagen, guanine peak intensities were 

changed at 1130 cm-1, 1310 cm-1 and1350 cm-1. This intensity changes might be due to 

initiation of apoptotic cell death mechanisms of 6-Mercaptopurine. Another aspect of those 

changes is that there are lipids in the endosomal membrane that are associated with the 

endosomal membrane identity. Both of these spectrum changes indicate that AuNPs' 

interaction with endosomal membrane decreased when early endosomes matured to late 

endosomes. The observed spectrum changes were dominated by biochemical changes in 

endosomal vesicles. Tyr, phenylalanine, protein and tryptophan peak intensities also change, 

respectively 650 cm-1, 1000 cm-1, 1215 cm-1 and 750/880 cm-1. 6-Mercaptopurine cause de 

novo purine synthesis inhibitions this inhibition results with purine deprivation. Thus, cause 

DNA synthesis inhibitions, cell proliferation reduces and cytotoxicity. These results were 

observed possibly due to mechanism of the 6-Mercaptopurine. This might be due to the 
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initiation of 6-MP processes of apoptotic cell death pathways. Phosphatidylserine (PS) 

localization at the cell membrane's external surface, permeabilization of the mitochondrial 

membrane, cytochrome-c release, caspase activation, and breakage of inter-nucleosomal 

DNA are all well-known biochemical changes in apoptosis.  

In conclusion, this study shows that the SERS could provide valuable molecular insight for 

the molecular effect of MET and 6-MP on the metabolic pathways. In this proof-of-concept 

study, it was found that SERS has the potential to monitor the cellular events in living cells. 

In order to understand the full potential of the technique for such studies, more 

comprehensive studies involving several cell lines and molecular techniques to verify the 

findings of the technique. Since the experimental conditions to obtain meaningful SERS data 

to correlate with the cellular responses is now established as demonstrated in this thesis, the 

very best future step is going to test the technique through well know cellular pathways to 

full clarification of the technique.  
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