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ABSTRACT 
 

 

DEVELOPMENT OF AN IN SITU SERS BASED METHOD FOR OBSERVATION 

OF BIOFILM FORMATION 

 

A biofilm is an assembly composed of microbial cells and extracellular polymeric 

substances, which provides and supports microorganisms for attach themselves onto a 

surface irreversibly and protect them from environmental stress conditions. Monitoring the 

in situ molecular changes during a biofilm formation can provide valuable insights in the 

fields including medicine, biology and related industrial processes. The conventional 

molecular and microscopy techniques are time consuming due to cumbersome sample 

preparation steps and destructive nature. With the aim of better understanding biofilm 

formation and possibility of detection, in this study, biofilm formation of clinically 

important microorganisms, Pseudomonas aeruginosa, Staphylococcus epidermidis and 

Candida albicans were monitored by utilizing surface-enhanced Raman scattering (SERS). 

Clinically relevant microorganisms threaten patient health often through biofilm formation 

on the surface of polymeric medical devices and implants. In this thesis work, the biofilm 

characteristics of the model microorganisms were identified on agar plates, 2D and 3D 

poly (methyl methacrylate) substrates and 3D glucose-gelatin scaffolds with the aim of 

understanding the influence of substrate type on biofilm formation process. The significant 

concentration changes on carbohydrates, lipids, proteins and genetic materials with 

increasing incubation time provided information about biofilm formation process. 

Moreover, the spectral data was attempted to confirm with confocal laser scanning 

microscopy and scanning electron microscopy analyses. The discrimination of 

microorganisms was also demonstrated from the SERS spectra using principle component 

analysis and linear discrimination analysis. A further step was taken in the way to clinical 

application of the approach by monitoring biofilm formation by using a multi-species 

sample. In summary, the results present a comprehensive evaluation of the applicability of 

SERS in clinically relevant biofilm formation with exciting outputs and opportunities.    
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ÖZET 
 

 

BİYOFİLM OLUŞUMUNUN GÖZLENMESİ İÇİN YZRS TABANLI IN SITU BİR 

METOT GELİŞTİRİLMESİ 

 

Biyofilm, mikrobiyal hücrelerden ve hücre dışı polimerik maddelerden oluşan bir 

bileşimdir. Hücre dışı polimerik maddeler, mikroorganizmaların bir yüzeye geri 

dönüşümsüz olarak bağlanmasını sağlar ve onları çevresel stres koşullarından korur. 

Biyofilm oluşumu sırasında moleküler değişikliklerin yerinde izlenmesi, tıp, biyoloji ve 

ilgili endüstri alanları için değerli bilgiler sağlayabilir. Geleneksel olarak kullanılan 

moleküler ve mikroskobik teknikler, örnek hazırlama aşamalarının zorluğu sebebi ile 

zaman alıcıdır ve örnek hazırlama sürecinde biyofilmin yaşayan kaotik sistemini 

bozmaktadır. Bu çalışmada, biyofilm oluşumunun daha iyi anlaşılması ve tespit edilmesi 

amacı için klinik olarak önemli mikroorganizmalar olan Pseudomonas aeruginosa, 

Staphylococcus epidermidis ve Candida albicans'ın biyofilm oluşumu yüzeyde 

zenginleştirilmiş Raman saçılması (YZRS) ile izlendi. 

Klinik açıdan önemli olan mikroorganizmalar, polimerik medikal cihazlar ve implantlar 

gibi çeşitli yüzeyler üzerinde biyofilm oluşturarak hastaların sağlıklarını tehdit etmektedir. 

Bu tez çalışmasında model mikroorganizmaların agar plakalarda, 2D ve 3D poli (metil 

metakrilat) yüzeylerde ve 3D glikoz-jelatin yapı iskeleti üzerinde biyofilm oluşturma 

süreçleri belirlendi ve yüzey tipinin biyofilm oluşumuna etkisi gösterildi. Spektrumlarda 

artan inkübasyon süresi ile birlikte karbonhidrat, lipid, protein ve genetik materyallerdeki 

önemli konsantrasyon değişiklikleri belirlenerek mikroorganizmaların biyofilm oluşum 

süreci moleküler düzeyde aydınlatıldı. Ayrıca, elde edilen spektral bilgiler konfokal lazer 

taramalı mikroskobu ve taramalı elektron mikroskobu kullanılarak teyit edildi. Belirlenen 

inkübasyon sürelerinde biyofilm oluşturan mikroorganizmaların ayrılması, SERS 

spektrumları kullanılarak temel bileşen analizi ve doğrusal ayırma analizi ile gösterildi. 

Geliştirilen metodun klinik uygulamalarda kullanılabilmesi için çoklu tür içeren biyofilm 

örnekleri SERS ile analiz edildi. Sonuç olarak, elde edilen çıktılar SERS tekniğinin klinik 

önemi olan biyofilmin analizi için kullanılmasının kapsamlı bir araştırmasını ortaya 

koymaktadır. 
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1. INTRODUCTION 
 

1.1. MICROORGANISMS   

Microorganisms are single-celled organisms including bacteria, fungi, viruses, protozoa 

and algae. They are the first entities in living system and they were discovered in 1665 by 

the renowned scientist Robert Hooke famous in biological studies for his microscopy 

investigations. In 1684, Antoni van Leeuwenhoek imaged the microorganisms by his 

simplest microscope. Microorganisms play an important role in the ecosystem and they are 

also used in many industrial application areas such as prevention of spoilage and providing 

safety in food, cleaning pollution and producing biofuels [1]. 

Prokaryotic cells have a simple structure; a cell wall, cytoplasmic membrane, cytoplasm, 

nucleoid, ribosome and plasmid but they do not have organelles. Archaea and bacteria are 

the two groups of prokaryotic cells. Their metabolic activities and protein synthesis take 

place in cytoplasm. Nucleoid is their genetic material, located in cytoplasm. Bacteria are 

divided into two groups according to their reactions with Gram stains, Gram-positive and 

Gram-negative. After treatment with the stain, based on their cell wall structures, Gram-

positive bacteria appear purple-violet, whereas Gram-negative bacteria look pink [1]. 

Bacteria cell wall is composed of peptidoglycan, which is a polymer containing sugars and 

amino acids. Eukaryotes have their DNA in nucleus and their cellular structure is more 

complex than prokaryotes. Plant and animal cells, algae, fungi and protozoa are the 

eukaryotic cells. They have membrane-enclosed organelles in their cytoplasm such as 

nucleus, mitochondria, as well as chloroplasts in photosynthetic cells (Figure 1.1).  
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Figure 1.1. Schematic illustration of an eukaryote and a prokaryote cell and a prokaryotic 

Gram-positive and a Gram-negative cell. 

1.2. MICROBIAL GROWTH 

Suitable physical and chemical conditions should be established for growth of 

microorganisms. Temperature, moisture, pH level, oxygen and time are the most important 

parameters for proliferation. Nutrients in growth media must contain all the elements such 

as H, C, O2 and N, which are necessary for the growth of microorganisms. The growth 

curve of microorganisms has four phases; lag phase, exponential (log) phase, stationary 

phase and death phase (Figure 1.2). In the lag phase an increase in cell number cannot be 

observed because microorganisms tend to adapt to the new environmental conditions, 

where they synthesize new enzymes to use different nutrients for adaptation. Finally, rapid 

cell division is observed with the end of lag phase. During the log phase, microorganisms 

begin to grow and divide at the maximum rate. In this phase, the metabolic activities of 

microorganisms are at their highest level. In the stationary phase population size is 

constant due to the limited amount of nutrient and soluble oxygen (aerobic organisms) and 

waste products produced by microorganisms. Eventually, the cell viability tends to 
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decrease and microorganisms go into death phase with decreasing nutrient and increasing 

toxic products [2].  

Microorganisms can also form biofilms to resist external environmental conditions beside 

the natural growth cycle. The increase in gene expressions with the biofilm process 

provides formation of antibiotic resistance and phenotypic changes during colonization of 

microorganisms. At the same time, the cells can create mutualist life in a closer 

relationship with each other by forming biofilm shield for themselves with secreted 

polymeric substances. They can also survive from difficult environmental conditions by 

increasing their nutrient transport [3]. 

 

Figure 1.2. Microbial growth curve in a close system [2]. 

1.3. HISTORICAL PERSPECTIVE AND FORMATION OF BIOFILM  

Biofilm is a complex system composed of microorganisms and extracellular polymeric 

substances (EPS) as a surrounding environment, where the cells adapt for a common life 

style and behave as a group for fighting with external conditions. Antonie van 

Leeuwenhoek noticed biofilm on tooth surfaces during his studies in seventeenth century 

[4]. Heukhelekian and Heller found that microbial growth was enhanced when they were 

attached to a surface [5]. Zobell assigned the two-step adhesion process of biofilm 

formation, reversible and irreversible, through investigating the biofilm on surrounding 
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seawater [6]. During 1960s and 1970s, the heterogenetic structure and chaotic environment 

of biofilm composition of different microorganisms and EPS were identified using 

scanning and transmission electron microscopy techniques [7, 8]. Eventually, in 1978 

Costerton et al. put forward the theory of biofilm and described the mechanism of biofilm 

formation with the benefits, which microorganisms gain from this complex system [8]. 

Significant improvements have been made in the elucidation of biofilm structure with the 

use of confocal laser scanning microscopy (CLSM) [9]. Since then, biofilm formation has 

become an interesting study area and the biofilm model was revealed with the clarified 

microcolonies buried into the EPS matrix surrounded with water channels and is found to 

provide exchange of nutrients and metabolites between the microorganisms and the 

aqueous phase, and reduce toxic metabolites from environment [10, 11].  

The formation of biofilms is an aggregation of microorganisms embedded in a matrix 

defined as EPS, which is formed of polysaccharides, lipids, proteins, genetic materials and 

humic-like substances. These substances are responsible of three-dimensional structure 

formation of biofilm architecture. The microorganisms also secrete enzymes to alter the 

content of EPS matrix for adaptation to the limited access to nutrients [12, 13]. The matrix 

ingredients provide hydrated and durable mushroom shape to the biofilm structure and 

increase the intercellular interaction and DNA exchange through preserving the microbial 

community from unfavorable conditions. 

The composition of EPS also changes depending on the nature of microorganism. In a 

Gram-negative bacteria biofilm, the EPS consists of neutral and polyanionic 

polysaccharides, while in a Gram-positive bacteria biofilm, the EPS formation is cationic. 

On the other hand, the environmental conditions such as pH, temperature, oxygen and 

nitrogen levels, also the surface properties affect the composition of a biofilm [4, 14].  

Biofilm formation is a complex process and it occurs in five stages according to Palmer 

and White [15]; 

• Compromising a surface attached film 

• Motion of microorganism on the surface 

• Adhesion 

• Growth and division of microorganisms on the surface  
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• Biofilm cell assemble 

The initial adhesion between the planktonic cells and the surface occurs reversibly. The 

microorganisms spread over the surface and flagellas and fimbiraes help to enhance the 

adhesion by expressing polymeric substances [9]. After the irreversible attachment of 

microorganisms on the surface, they maintain a common life with increase of the 

intercellular interaction and they start to grow and form aggregates. The maturation of 

biofilm composition is observed with the secretion of EPS. Heterogenic structure of 

biofilm consists of assembled microcolonies, polymeric substances and interstitial voids 

and channels, which are responsible for the nutrient supply and removal of toxic 

substances [16].  

Biofilms increase genetic diversity by gene transfer during the biofilm formation process 

[17]. On the other hand, it is also known that antibiotic resistance of microcolonies occur 

by the up-regulation and down-regulation of a number of genes during biofilm maturation. 

The differentiation of gene expression is defined in biofilms of Pseudomonas aeruginosa 

(P. aeruginosa) with 0.5% up-regulated and 0.5% down-regulated genes [18]. An up-

regulation in algC gene is observed during the attachment step of P. aeruginosa biofilm 

formation as well, which shows the responsibility of the gene for the adhesion process 

[19]. The significant increase in the expression of the icaADBC, agrBDCA, aap, and atle 

genes have been assigned to have a major role in medical device and skin colonization 

related pathogenesis of Staphylococcus epidermidis (S. epidermidis) [20]. In addition, SarZ 

is a key regulator gene for S. epidermidis biofilm and responsible for the virulence of this 

phenotype [21]. 

Biofilm formation of Candida albicans (C. albicans) can be explained in three main steps; 

attachment and spreading of planktonic cells on the surface, growth and aggregation of the 

cells and finally formation of pseudohyphae and hyphae concomitant during the maturation 

of biofilm. KEM1, MDS3, NUP85 and SUV3 are unconnected genes responsible for C. 

albicans biofilm formation through hyphal formation [22]. 

Quorum sensing is a chemical communication system for microorganisms. They produce 

chemical signals, called autoinducers, which diffuse across the cell membrane. When these 

signal molecules reach threshold concentration, they bind to the receptors on bacteria to 

lead the gene regulation [23]. Autoinducers differ depending on microorganism types; a 



6 
 

 

Gram-negative bacterium produce acylated homoserine lactones, a Gram-positive 

bacterium produce autoinducing peptides and also autoinducer-2. A furanosyl borate 

diester is produced by both a Gram-positive and a Gram-negative bacterium [24]. C. 

albicans is the first identified eukaryotic microorganism, which secreted quorum sensing 

molecules. Tyrosol is one of the main quorum sensing molecule secreted by C. albicans in 

the early and intermediate stages of biofilm formation. In addition, farnesol has a critical 

role in the assembly of yeast cells attached on a surface at later phases of biofilm process 

[25]. Quorum sensing is also essential for production of virulence factors and growth of 

biofilm. Microorganisms in biofilm formation provide high resistance to antimicrobial 

agents because EPS components act as a shield [17]. Compounds which suppress the 

quorum sensing processes are called quorum sensing inhibitors. They can inhibit; the 

signal molecule, signal production or the receptor. The antimicrobial resistance of the 

microorganisms in biofilm can be reduced by suppressing the biofilm formation by using 

quorum sensing inhibitors, so the therapy of the bacterial infections may be achievable 

with short-term usage of growth-inhibitory agents [24]. 

1.4. CLINICALLY RELEVANT MICROORGANISMS AND THEIR SPECIAL 

CASES  

Clinical biofilm infections either do not respond to antibiotic treatments or recur after a 

long-term treatment. These infections risk patients with life-threatening diseases, 

especially in the intensive care units. Clinically relevant microorganisms tend to attach, 

form microcolonies and disperse on medical devices as well as on human skin and mucosa 

membranes. P. aeruginosa, S. epidermidis and C. albicans are clinically the most 

threatening microorganisms due to the difficulties in fighting with the infections they are 

responsible for. 

1.4.1. Biofilm formation of P. aeruginosa 

Being a Gram-negative bacterium, P. aeruginosa is an opportunistic pathogenic bacterium 

in clinic causing cystic fibrosis [26]. P. aeruginosa threatens human health through 

forming biofilm in patient’s lung, which protects bacteria with a polymeric biofilm shell 
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against medical treatments [27]. These biofilms are also observed on indwelling medical 

devices and lenses [28]. 

Basically, P. aeruginosa biofilm formation can be examined in four main stages; 

attachment, motility, maturation and dispersion to the new host surfaces [29]. Although it 

is not obligatory in all cases, flagella and type IV pili play an important role in the 

adhesion process [30, 31]. The extracellular components are also very important during 

attachment such as cup fimbriae [32], Psl polysaccharide [33, 34] and extracellular DNA 

(eDNA) [35]. Motility is the stage, which the microorganisms grow into colonies and form 

the main shape of biofilm. Flagella provide the motility of P. aeruginosa and formation of 

mushroom shape in liquid media, while type IV pili is only responsible for the production 

of appendages on solid surfaces. Maturation of biofilm is observed with the formation of 

extracellular polymeric shell on the microorganisms during accumulation, which is 

involved in adhesion, inter-cellular and intra-cellular interactions and genetic diversity [33, 

34, 36-38]. Polysaccharides, eDNA, proteins and lipids are the main ingredients of the 

extracellular matrix, which may change due to the environmental conditions [39]. 

Polysaccharides are very important in adhesion, growing into microcolonies and 

assembling of the microorganisms on the solid surface [40-43]. Furthermore, the type of 

secreted polysaccharides are the factors to determine the type and pathogenicity of P. 

aeruginosa biofilms. Alginate, Psl and Pel are the major polysaccharides detected in P. 

aeruginosa biofilm structure [44].  

The phenotypes of P. aeruginosa can be investigated in two categories; non-mucoid and 

mucoid strains during evolution [45]. Mainly, alginate synthesis is observed in mucoid 

strains, which is formed of non-repetitive monomers of β-1,4 linked L-guluronic and D-

mannuronic acids. Alginate production is very important during accumulation of biofilm 

because it protects microorganisms through eliminating the free radicals, which are 

produced by infected host cells in very dangerous clinical cases of cystic fibrosis. It also 

provides stability, preserve the architecture of the biofilm structure and supply water to the 

microorganisms based on its water binding property [16, 26, 46-48]. Psl is a 

polysaccharide composed of mannose and galactose that allows planktonic non-mucoid P. 

aeruginosa cells to adhere on solid surfaces and hold together with the polymeric 

ingredients as a scaffold [49, 50]. It is known that P. aeruginosa has an ability to form 

biofilm on air-liquid interface of the culture, where Pel, a glucose-rich polysaccharide, is 
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necessary for accumulation of biofilm [44]. The evolution of non-mucoid strains to mucoid 

cells is possible during the biofilm formation. However, this evolution does not increase 

the production of alginate, but alter the carbohydrate content of the matrix during the 

conversion [44]. 

eDNA is also essential in P. aeruginosa biofilm formation. It starts to produce eDNA in 

high levels from the initial stages of the formation, especially during proliferation to the 

formation of mushroom shape but the biofilm matrix contains low eDNA compared with 

other gradients at the maturation phase [51].  It is also demonstrated in a study that alginate 

and eDNA protects the microorganisms like a shell and prevent penetration of antibiotics 

[52].  

The main roles of proteins in a biofilm matrix include; surface attachment, providing 

biofilm structure stability and enabling molecular interactions in the matrix [53]. CdrA is 

the most well-known protein, secreted by P. aeruginosa, has a carbohydrate-binding 

property and helps aggregation of the cells through binding with Psl polysaccharide [53].  

Galactose specific lectin LecA and the fucose specific lectin LecB, cup fimbrie are the 

other proteins expressed in the beginning of adhesion process until proliferation [32, 54-

56].  

Rhamnolipids are composed of rhamnose and lipid moieties, which are bound with O-

glycoside [57]. Rhamnolipids are generally produced in the maturation phase and it is 

important in formation of mushroom shape with motility [58, 59]. They also promote the 

dispersion of daughter cells [60].  

Not only the polymeric substances but also the environmental conditions cause dispersion 

of the cells such as carbon source [12], nutrient availability [61], nitric oxide content [62], 

and lack of iron [63]. Recent studies demonstrated the importance of quorum sensing 

molecules on biofilm formation [38, 64]. In P. aeruginosa biofilms, quorum sensing 

signaling promote the expression of eDNA and rhamnolipids [35, 59, 60, 65]. In addition, 

beside the quorum sensing signals, it is demonstrated that secondary messenger cyclic 

diguanosine-5′-monophosphate (c-di-GMP) and small RNAs (sRNAs) are responsible for 

accumulation of biofilm formation through stimulating expression of EPS components [66, 

67].   
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1.4.2. Biofilm formation of S. epidermidis 

S. epidermidis, a Gram-positive bacterium, is a pathogenic microorganism causing 

nosocomial infections through forming biofilm on indwelling catheters and implanted 

devices. This bacterium also express coagulase, an enzyme that facilitates clot formation in 

blood, regulate biofilm formation on human skin and mucosa membranes. Although S. 

epidermidis secretes a few virulence factors, it has a superior ability to adhere on 

polymeric surfaces through protecting itself with an extracellular polymeric shell [68]. 

Primary adhesion of the microorganisms on the surface can occur in two main ways; direct 

attachment and binding with host-derived matrix proteins. The hydrophobic property of the 

surface is promoting the direct attachment process [69]. On the other hand, host-derived 

matrix proteins are playing an important role for the primary attachment.  Fibrinogen-

binding protein SdrG, Aas1 and Aas2 are the main identified matrix proteins covalently 

binding to the surface, which provide a very strong adhesion [70-73]. SdrH is one of the 

proteins binding on the surface with non-covalent interaction [74].  

The proliferation of the adhered cells is observed in the second step of biofilm formation. 

Polymeric carbohydrates and proteins are responsible for the regulation of cell-cell 

interaction and formation of cell aggregates. Although their mechanisms are not identified 

clearly, it has been found that accumulation-associated protein (AAP), polysaccharide 

intercellular adhesion (PIA) and poly-N-succinylglucosamine (PNSG) are the defined 

polysaccharide and proteins that have a significant role on accumulation of intercellular 

adhesion [75-77]. Both PIA and PNSG are secreted from the same genetic locus ica 

consisting of icaA, icaD, icaB and icaC [78, 79]. It is also known that PIA has an 

additional role in controlling the hemagglutination activity, providing three-dimensional 

architecture of biofilm formation, blocking the neutrophils and increasing antibiotic 

resistance [80, 81]. Poly-γ-DL-glutamic acid is produced in PIA-dependent S. epidermidis 

biofilm to develop a resistance to the host immune system [82]. Proteinaceous factors 

(Bhp, Aap and Embp), teichoic acids and eDNA are also isolated from a mature S. 

epidermidis biofilm [83]. Protein expression is observed significantly increased throughout 

all the regulation steps of biofilm formation. A fibrillary protein Aap and Bhp are specific 

proteins responsible for initial adhesion and have a role during early maturation phase [84]. 
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The S. epidermidis bhp gene is responsible for the production of a protein, which is 

responsible for accumulation of biofilm formation in PIA deficiency [85].  

Development of a survival mechanism during biofilm formation is the main purpose of 

microorganisms during maturation of biofilm formation. Arginine deiminase operon (ADI) 

is up-regulated during maturation phase to survive under external conditions and regulate 

amino acid metabolism [86, 87]. 

1.4.3. Biofilm formation of C. albicans 

C. albicans is also a very pathogenic fungus causing life-threatening infections related with 

the indwelling medical devices. The biofilm formation process of C. albicans can be 

inspected in three major phases; early phase occurs in the first 12 hours, intermediate phase 

can be observed between 12-30 hours and maturation phase approximately observed 

between 38-72 hours [88].  

The composition of EPS excreted during biofilm formation changes based on 

environmental conditions such as nutrient availability, temperature and pH [89]. In 

general, the main components of the biofilm matrix are polysaccharides, proteins, lipids 

and nucleic acid and Zap1 is responsible for the regulation of the matrix [90]. 

Polysaccharides constitute approximately one-fourth of the C. albicans biofilm matrix 

including arabinose, mannose, glucose, and xylose [91]. The mannan polysaccharides are 

mostly identified in structure of α-1,2 and α-1,6 branched and also in linear β-1,6 glucans 

form, which can also be found as a highly-branched structure in cell wall. In addition, β-

1,3 glucan is evenly distributed throughout the whole matrix [91, 92]. Protein richness of 

the matrix is very high, about half of the matrix, and proteins have an important role in 

regulation of the biofilm process. Glycoproteins, heat shock proteins and secretion-signal-

less proteins are the main clarified proteins [91]. The main regulator of biofilm formation 

is Bcr1 and activates the cell wall proteins Als1, Als3, and Hwp1 all of which are 

responsible for adhesion in the beginning of the biofilm formation [88, 93, 94]. Nearly 

15% of the biofilm matrix are detected to be formed of lipids containing glycerolipids and 

sphingolipids. Oleic and linoleic acids, glycerolipids. palmitoleic, palmitic, stearic, and 

myristic acids are the main fatty acids produced by C. albicans and also ergosterol is 
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identified as a sterol [91]. eDNA is also defined as a main component of biofilm 

composition responsible for the structure formation [95].  

Biofilm matrix components have important roles for adhesion, colonization, assembly and 

also, they provide mechanical strength to biofilm structure. It is demonstrated that β-1,3 

glucan and eDNA are involved in development of antibiotic resistance of C. albicans [89, 

96, 97]. Glucans have a special role to block neutrophil attacks at the same time [98]. After 

maturation of biofilm formation, the cells tend to release and disperse on new host surfaces 

with expression of the regulators Nrg1 and Ume6, the molecular chaperon Hsp90 and the 

cell wall protein YWP1 [99-103].  

The heterogenic composition of C. albicans biofilm includes several cell types according 

to morphological alterations. Morphological change is related with virulence and observed 

in many pathogenic fungus species. The proper morphologies of fungus can be clarified in 

main four types; planktonic yeast cells, pseudohyphae, true hyphae and chlamydospores as 

seen in Figure 1.3 schematically [104]. In pseudohyphal morphology, yeast cells are 

attached end-to-end longitudinally and observed in an ellipsoidal shape. Conversely, in 

true hyphae, the cells are arranged in parallel with the pores on their septum that provide 

cell-cell interaction [105, 106]. There are main differences between pseudohyphae and 

hyphae in their life cycles. The first obvious difference is observed in the forms of 

division. In pseudohyphae and planktonic cells, the division occurs across the mother-bud 

neck area, while in true hyphae, it takes place in the germ tubes. Furthermore, the hyphal 

filaments are not branched as pseudohyphae because the germ tube formation is observed 

before the G1/S transition, different from the general cell cycle, and also the hyphal cells 

remain stable in the G1 phase until the amount of their cytoplasmic mass is ready for the 

second cycle of division [106-109]. The last form of the coevolution that is observed after 

hyphal formation is chlamydospores. This formation is rarely encountered in clinic 

infections with its oversize compared to the other forms of C. albicans under nutrient 

shortage [110-112]. It is known that hyphal formation enhances the virulence of C. 

albicans. The filament formation help the cells to penetrate and branch in and between the 

host cells. It can proliferate very easily on the host surface by damaging the macrophages 

and neutrophils [113-115].  
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Figure 1.3. The main morphologies of C. albicans. 

Identifying the relationship between filament formation and virulence is a very interesting 

research area. Although it is demonstrated that there are many genes playing role in both 

the morphology and virulence process such as HGC1, secreted aspartyl proteinase (SAP) 

gene family (SAP4, SAP5, and SAP6), SOD5 and HYR, there are several genes responsible 

for virulence but are not related with coevolution, which can be listed as ALS3 and HWP1 

[116-120]. UME6 is defined as a specific gene regulating pseudohyphal and hyphal 

formations, which is not secreted during cell growth. Pseudohyphal formation is observed 

in low expression of UME6, while hyphal cells are commonly identified in high expression 

of UME6, which demonstrate that the morphological differences not only depend on the 

environmental conditions [121]. It may be suitable to make the inference that 

pseudohyhpal forms show low virulence, while hyphal forms are more pathogenic. The 

most important point is that although pseudohyphe seems as an intermediate cell between 

planktonic cell and hyphae, it conserves its morphology during the evolution and observed 

correlated with low expression of virulence genes so we can also conclude that these two 

forms can be two alternative states [104].  

1.5. BIOFILM FORMATION ON SURFACES  

Biofilms can be formed by microorganisms on several surfaces such as aquatic systems, 

living tissues and medical devices. Marine ecosystem is very important in terms of hosting 

many different life forms. This ecosystem can provide all the necessary conditions for 

microorganisms to form biofilms. The microorganism communities can easily attach and 
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proliferate on the solid surfaces as microcolony aggregates [122]. Biofilm diversity 

depends on nutrient availability, salinity and temperature of the aquatic environment, light 

and intracellular interaction between species as well as predation [123]. The marine 

biofilms increase formation of larvae from sessile invertebrates through providing 

nutritious surfaces, which are coated with EPS [123]. On the other hand, these biofilms 

cause serious contamination and economic problems in fishery and maritime, oil and gas 

extraction and water industries, which is defined as biofouling. The waste products of 

microorganisms and polymeric films on the surfaces decrease the operation efficiency of 

vessels in marine industry and prevent the flow on the oil and gas pipelines. Industrial 

biological pollution causes very serious financial losses, thus has led to the implementation 

of yield increasing studies. Biofilms in aquatic environment also contaminate the water 

bodies and disrupt the ecological balance [124]. 

Living-tissue biofilms could be identified with the development of microscopy techniques 

and they were defined as one of the main effect of human infections [125] . The term of 

‘mucosal biofilm’ was first introduced to the literature by Garth Ehrlich and his friends 

[126, 127]. Pulmonary infection is one of the most common infection originating from 

biofilms and P. aeruginosa cause cystic fibrosis [128]. Living-tissue biofilms can also be 

observed on ear and nose mucosa, throat, urinary tract and vaginal mucosa, which appear 

as chronic otitis, chronic tonsillitis, cholesteatomas, sinusitis and urethritis [129-133].  

Medical devices are very suitable environments for biofilm formation by microorganisms. 

The medical device-related biofilms can be formed of single-species or multi-species of 

microorganisms depending on the location where the devices are placed in the body and 

the duration time. These biofilms are observed commonly on prosthetic heart valves, 

central venous catheters, urinary catheters, contact lenses, intrauterine devices and dental 

unit water lines [134]. The biofilms observed on implanted prosthetic heart valves or 

surrounding tissue are one of the main factor caused serious infections in patients [135]. It 

is defined that the microorganisms can easily attach and colonized on the sewing cuff 

fabrics of these valves [136]. Streptococci, enterococci, Staphylococcus aureus (S. aureus), 

Gram-negative coccobacilli and fungi biofilms are generally identified in these valves 

[137]. The devices interacting with the circulating blood in the body provide suitable 

attachment surface surrounded with proteins and proper colonization area with the nutrient 

richness. Central venous catheter is one of such devices and S. epidermidis, S. aureus,  
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P. aeruginosa and C. albicans are common microorganisms that attach and disperse on 

these devices [138, 139]. Single-species biofilm formation of P. aeruginosa, S. 

epidermidis, C. albicans, Enterococcus faecalis and Escherichia coli is observed in urinary 

catheters, which are made of silicon and latex with and open or closed system. Open 

systems are always a potential for microorganism localization and infections occur in as 

soon as four days [140]. The raw materials used in the production of medical devices have 

also a decisive influence on biofilm formation.  Poly (methyl methacrylate) (PMMA) is 

used in production of hard contact lenses and the microorganisms have a great interest to 

attach on these hydrophobic surfaces [141]. The biofilm of several microorganisms such as 

S. epidermidis, S. aureus, C. albicans were defined on intrauterine devices composed of 

polyethylene [142, 143]. However, dental unit water lines are not implanted devices, the 

tubings that are responsible for the water supply cause infections through biofilm 

formation [134]. 

1.6. INFLUENCE OF SURFACE PROPERTIES ON BIOFILM FORMATION 

Biofilm formation on solid surfaces such as medical devices and aquatic systems cause 

significant health and economic problems as mentioned above. The ideal conditions for the 

attachment process and proliferation of microorganisms are the interface between the 

aqueous media and the host surface [134]. The characteristics of the solid surface are the 

determining factors for the attachment step of the biofilm formation such as surface 

charge, surface energy, topography and roughness, and the chemical property of the 

surface [144]. The microorganisms produce extracellular substances depending on the 

physicochemical properties of the solid surface [145]. Electrostatic interaction between a 

microorganism and a surface is the first demonstrated factor affecting the attachment. Most 

of the bacteria in the environment are negatively charged and they can attach and assemble 

on a positively charged surface easily [146, 147]. Negatively charged surfaces prevent the 

interaction and then flagella and pili take the control and provide adhesion of 

microorganisms [148]. However, in static biofilm systems, the dead cells coat the solid 

surface area and block the electrostatic interaction. Thus, surface charge becomes a less 

important factor for adhesion [144].  



15 
 

 

The surface energy has an important role in adhesion of microorganisms. It is 

demonstrated that low-energy hydrophobic surfaces are much more preferred compared to 

high-energy hydrophilic surfaces [149]. In addition, the attachment occurs very quickly on 

low-energy surfaces [150]. On the other hand, metallic and glass surfaces reduce the 

attachment efficiency of microorganisms due to the surface tension [151]. In addition, the 

attachment of microorganisms on a non-polar surface can be also promoted with higher 

surface tension of bacteria cell wall than the aqueous media [152]. Different from the other 

bacteria, S. epidermidis is also widely forms biofilm on hydrophilic human skin and 

mucosa membranes [153].  

Surface topography influence the adhesion of microorganisms. Roughness of a surface 

provide a large surface area for initial attachment and assembly of the microorganisms 

during the growth phase [154]. The representative image of biofilm formation on a smooth 

and rough surface is given in Figure 1.4.  

The alteration in surface chemistry of the substrate is a good strategy to control the biofilm 

formation [154]. The charge, surface energy and topography of the surface can be changed 

with modifications to obtain smart surfaces to reduce bacterial attachment [144].  

 

Figure 1.4. Biofilm formation phases in a smooth and a rough surface. 
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Epstein et. al. produced a smart surface with Teflon membranes recently, which reduced 

bacterial attachment significantly [155]. Many polymers are also used to prevent the 

attachment such as dextran, [156] poly(ethylene oxide) (PEO), [157] poly (ethylenimine) 

(PEI) [158, 159] and poly (sulfobetaine methacrylate) (pSBMA) [160].  

1.7. IDENTIFICATION OF BIOFILM COMPOSITION 

Identification of biofilm composition is very important to clarify the interaction between 

environment and microbial growth and also for understanding the molecular dynamics of 

biofilm’s own chaotic system. Biofilm analysis can be performed with microscopic, 

spectroscopic and molecular techniques [161]. Improvements in analytical techniques have 

greatly contributed to the elucidation of the biofilm structure.  

Microscopy is one of the pioneering techniques used to analyze the biofilm structure. 

CLSM gave the opportunity to monitor the biofilm structure and dynamics during the 

accumulation stage [162, 163]. Characterization of the three-dimensional architecture of 

biofilm composition is possible by using specific fluorescent dyes [164]. Combinations of 

the microscopy techniques allow obtaining detailed information as demonstrated in a study 

of Strathmann et al., where they combined epifluorescence microscopy with CLSM and 

monitored carbohydrate distribution in extracellular matrix [165]. On the other hand, in 

these techniques, sample preparation steps are exhaustive. Specific dyes use for staining 

the sample brings additional costs. The assembly of a biofilm structure on a solid surface 

can be examined with scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) after a fixation procedure, which disturb the living system of a biofilm. 

Although the distribution of the cells and the polymeric matrix can be monitored 

excellently, these microscopy techniques are not able to monitor living biofilm structure 

[166]. The other important microscopy technique is scanning transmission X-ray 

microscopy (STXM), which is extensively used in mapping biofilm composition without 

using a probe and also with reduced radiation damage on sample. STXM is used to 

monitor not only the polymeric substances but also allowed to view metal distribution but 

errors in reference spectra and absorption saturation limits use of the technique [161]. 

Atomic force microscopy (AFM) is the most general technique used to get information 

from the depth of the surface topography, this feature allows to display the distribution of 
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the polymers [167]. However, low scanning speed is the main disadvantage of the 

technique that is time consuming in characterization of large areas of a heterogenic biofilm 

structure. Lawrence et al. showed the power of combining the STXM, CLSM and TEM 

techniques to obtain detailed information about the biofilm structure [168]. 

Nuclear magnetic resonance (NMR) is a very advantageous technique to obtain structural 

information from the substances in a biofilm matrix [169-171]. Although the technique 

gives opportunity to acquire information in situ from a biofilm, it is not suitable for 

characterization high molecular weight molecules and also interpretation of the obtained 

data can be very complex [172]. Separating EPS from the biofilm matrix is another most 

preferred method for characterization of the components. Extraction with centrifugation or 

using chemical additives, solid phase extraction with liquid chromatography (LC) and 

field-flow fractionation as new approaches are the main techniques used in several studies 

[173]. Identification of biofilm-associated genes of a microorganism can be carried out 

using molecular techniques as well as analytical techniques. Combination of the widely 

used molecular techniques, gel electrophoresis and polymerase chain reaction (PCR), with 

microscopic and spectroscopic techniques allowed to reveal gene regulation profile during 

biofilm formation [174-177]. Understanding the polysaccharide, protein and lipid profile in 

a biofilm can be also achieved by separating the matrix with a chromatography column and 

identification with a sensitive and high technology mass spectroscopy methods such as 

matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS), electrospray 

ionization mass spectrometry (ESI-MS) or nano-ESI-MS, ESI-tandem MS, ESI-MS-MS 

and LC-MS-MS [178-180]. However, MS based techniques are destructive, expensive and 

time consuming. 

In addition to the techniques mentioned above, the vibrational spectroscopic techniques are 

used to get information about the biofilm structure in molecular level. Infrared and Raman 

spectroscopies are vibrational spectroscopy techniques used as complementary to each 

other to acquire spectral information from the biofilm structure. Although infrared 

spectroscopy (IR) is widely used for characterization of biofilm, the interference from 

water limits its use in hydrated biofilm composition [181-183]. The spectral –OH band 

attributed to water suppress the other characteristic bands of the ingredients in a biofilm 

[184]. On the other hand, Raman spectroscopy is a preferable technique for detection and 

identification of planktonic cells and chaotic biofilm structure. Besides this, the technique 
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has advantages such as easy sample preparation and limited influence from water and is 

widely used in biofilm characterization [185-189]. One of the main handicap limits the 

usage of Raman is obtaining weak signals. It is known that using high laser power and long 

exposure time can enhance the scattering but it can damage the molecules. The discovery 

of enhancement effect of metals revealed surface-enhanced Raman scattering (SERS) that 

brings new approaches for characterization biological and non-biological molecules 

without any weak scattering problem [206-207]. 

1.8. VIBRATIONAL SPECTROSCOPY 

1.8.1. Electromagnetic Spectrum 

Spectroscopy can be basically defined as the field of study where interaction of the 

electromagnetic radiation with matter is studied [190]. The schematic diagram in Figure 

1.5 shows the representative energy absorption with frequency. The longer wavelength has 

lower energy and cause molecular rotation and vibrations as observed in microwave and 

infrared regions, while shorter wavelengths such as Ultraviolet-Visible (UV-Vis) and X-

ray, the most energetic regions, elevate the electron to higher energy states and remove the 

electron from the orbit of an atom.  

  

Figure 1.5. The schematic diagram of electromagnetic spectrum. 
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IR and Raman spectroscopy are the two complementary techniques based on the vibrations 

of atoms. IR is a vibrational technique based on absorption of the incident light, while 

Raman spectroscopy is correlated with the inelastic scattering of photons [191]. IR and 

Raman spectroscopy are used to identify and characterize the chemical structure of a 

sample, which has a fingerprint feature [192]. 

1.9. VIBRATIONAL MOTIONS OF A MOLECULE 

Number of atoms in a molecule is the decisive factor for the vibrational freedom. The 

motions of atoms in a molecule are dependent on each other due to their connection.  In a 

diatomic molecule, the vibrational freedom can be calculated as one, while in polyatomic 

molecules with N atoms display 3N degrees of freedom, which is shown in the table 

adapted from Stuart et. al at Table 1.1 [193]. 

Table 1.1. Degrees of freedom observed in a polyatomic molecule. 

 

Degrees of Freedom Linear Non-linear 

Translational 3 3 

Rotational 2 3 

Vibrational 3N-5 3N-6 

Total 3N 3N 

 

Vibrations can cause alterations in both bond length and bond angle and these motions are 

known as stretching and bending, respectively. Stretching can be observed as 

symmetrically and asymmetrically, while bending types can be listed as in-plane bending 

vibrations; deformation, rocking and out-of-plane; wagging and twisting as seen in Figure 

1.6.  

Vibrational spectroscopy can be used in characterization complex biological molecules 

such as lipids, proteins and nucleic acids. Most significant vibrations observed in lipids are 
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CH2 and CH3 symmetric and asymmetric stretching, CH2 bending, asymmetric 

deformation of CH3, and C=O stretching. Also, PO2
− symmetric stretching is observed in 

phospholipid groups. C=O stretching, C–N stretching, N–H stretching, O–C–N bending 

and C–N torsion are the much intense vibrations related with the amide groups of proteins. 

Nucleic acids contains sugar, base and phosphate groups and vibrations in purine and 

pyrimidine bases, between a base and the sugar groups and also in sugar-phosphate chain 

are the most observed intense modes [193].  

 

Figure 1.6. Possible vibrational modes of a polyatomic molecule. 

1.10. THEORY OF INFRARED SPECTROSCOPY 

The principle of IR spectroscopy is based on absorption of a radiation, which cause dipole 

moment change in a molecule during the vibrational motion. The energy can be absorbed 

when the fields of dipole moment and electromagnetic radiation comes in resonance, 

which then results in the vibrational fluctuations of a molecule. The structure of a molecule 

can be easily elucidated by the help of the spectra obtained from IR measurements. The 

bands observed in the spectrum indicate group frequencies of specific parts of the 

molecule. The region of IR is classified as near IR, mid IR and far IR. The absorptions in 

mid-infrared region are observed between 4000–400 cm−1. It is known that each band in 

the spectrum represent band deformation, stretching or bending motions. The combinations 

and overtones of the stretching bands are observed in the near-infrared area between 

13000-4000 cm-1. Although the far-infrared region 400-100 cm-1 gives limited information 
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about the molecular structure compared to the other regions, the heavy atom and crystal 

lattice vibrations can be observed clearly [193]. 

. 

1.11. THEORY OF RAMAN SPECTROSCOPY 

As mentioned earlier, spectroscopy is the study of interactions between light and material. 

The photons can be absorbed or scattered by the molecule or they can pass through the 

molecule. The Raman scattering process is based on an inelastic collision between photons 

and molecules [194]. When a ray of light interacts with a molecule, the electric field of the 

light influences the electron cloud of a bond and a dipole moment is induced on the bond. 

Scattering is associated with re-emission of light while the bond returns its initial condition 

after the instantaneous disruptions present on the distribution of electrons around the bond. 

Bond activity upon scattering depends on the distribution tendency of electrons which 

called “bond polarizability”. The polarization instead of change in dipole moment is 

essential for observing a Raman shift at scattered light [195]. The theory of scattering with 

change of light frequency was first suggested by Smekal in 1923 [196]. The difference in 

visible region wavenumbers of scattering and incident radiation was observed by Raman 

and Krishan and then Landsberg and Mandelsam in 1928 [197, 198]. In Figure 1.7, a 

representative spectrum of CCl4 is given, where difference in wavenumbers upon 

interaction with the incident light were plotted. The difference of wavenumbers depends on 

the chemical structure of a molecule, which is responsible for scattering. There are three 

types of scattered light; Stokes scattering, anti-Stokes scattering and Rayleigh scattering. 

The wavenumber difference of Rayleigh scattering is the same with the wavenumber 

difference of incident radiation and the intensity of Rayleigh scattering is higher than the 

intensities of other scattering photons. Stokes radiation occurs at longer wavenumber and 

at lower energy but anti-Stokes radiation occurs at shorter wavenumber and at higher 

energy according to Rayleigh. [195]. 
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Figure 1.7. Raman spectrum of CCl4 (488 nm excitation) [199]. 

Generally, molecules prefer to be present in the lowest energy vibrational state (Figure 

1.8). The Rayleigh scattering has high intensity and it is the most preferable scattering 

process by molecules. There is no energy change in Rayleigh scattering; the molecule turns 

back to the vibrational state again. When the molecule absorbs energy at vibrational state 

(m), some of the photon’s energy is absorbed by the molecule’s electrons and the molecule 

turns back to the vibrational state (n). This is called Stokes scattering. Some molecules 

prefer to be present in the vibrational state (n) due to their thermal energy, in anti-Stokes 

scattering a part of the energy is transferred to the photon and molecule turns to vibrational 

state (m), losing energy [194]. 

 

Figure 1.8. Schematic diagram of Rayleigh and Raman scattering processes. 
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1.12. FUNDAMENTAL DIFFERENCES OF IR AND RAMAN SPECTROSCOPY 

There are some fundamental differences between IR and Raman spectroscopy. A 

vibrational fluctuation occurs in the infrared absorbing molecule, which have a net dipole 

moment. However, in scattering, the electrons, which are scattered around a molecular 

bond, undergo a sudden and inflexible deterioration, and then the beam re-emits in every 

direction as the bond returns to its normal state. The molecule is temporarily polarized 

while it is degraded; thus, creating a sudden dipole effect that disappears with relaxation 

and re-emission. The efficiency of a bond's scattering depends on the tendency of the 

electrons to decay from their normal position, which is referred to as being "polarizable". 

The increase in electron density causes an increase in bond strength and a decrease in bond 

length, resulting in a decrease in the ability to be polarized. Different from IR, there is a 

need for "polarity change", not dipole moment change, in order for Raman shift to occur in 

the scattered light [195]. Figure 1.9 shows two different molecules; the first molecule is 

nonpolar, which is symmetric and the dipole moment vectors quench each other, while the 

second molecule is in asymmetric structure with a net dipole moment, making the 

molecule polar [200, 201]. Raman and IR spectra complement each other, each defining a 

separate set of molecular vibrations. There are also vibrations that are active both in 

Raman and IR. In such cases, peaks appear at the same energies in both spectra.  

 

Figure 1.9. Representative image of a nonpolar and a polar molecule 
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1.13. SURFACE ENHANCED RAMAN SCATTERING (SERS) 

Raman spectroscopy can be used to identify the molecules according to their characteristic 

‘fingerprinting bands’. The changes in wavelenghts depends on the polarizability of the 

molceule related with their spesific chemical structures. Thus, aromatic molecules cause 

much intense scattering according to aliphatic molecules. Raman scattering is rather weak 

and it’s typical cross section is lower than the fluorescence has. Although Raman 

technique has advantages of easy sample preparation and minimal interference from water, 

weak scattering phenomenon was the major disadvantage and require sensitive detectors 

and higher power lasers sources. The adventure of SERS began 40 years ago with using 

silver-electrode substrate for pyridine measurements and has developed in line with the 

progress of the surface chemistry and sensor production up to day [202-205]. The 

discovery of the enhancement effect of a noble metal surface on Raman scattering brought 

a new breath to the technique. The enhancement effect was first reported by Fleischman et 

al., where they used a roughened silver-electrode surface for pyridine measurement. A 

significant shift on the wavenumber and the intensity of the peaks due to the alteration of 

the electrode potential was observed, which revealed the theory of adsorption of the 

pyridine on the roughened surface [206]. Fleischmann and McQuillan stated that the 

enhancement effect primarily related with surface roughness and this hypothesis seemed 

reasonable at first because the amount of adsorbed pyridine increased with increasing 

surface area. Meanwhile the study of Fleischmann and McQuillan was published, Van 

Duyne and Jeanmaire were working on enhancing the weak Raman signals with using 

pyridine adsorbed on an electrode surface but they found the signal intensity as 25 counts, 

while it was reported around 500-1000 counts in Fleischmann study. Van Duyne and 

McQuillan repeated the experiments of the Fleischmann’s study by increasing the 

roughness of the electrode surface but they discovered a contrary result that the Raman 

signals increased with the decreasing surface roughness. They calculated the surface 

enhancement factor by proportioning the intensity of the molecule on the surface to that of 

the free molecule. Their study that was published in 1977, included an explanation of the 

enhancement of Raman signals with “electromagnetic effect”; which claimed that an 

electromagnetic field occurs on the metal surface as a result of induction of conductive 

electron of the metal to oscillate [207]. Whereas Albrecht and Creighton hypothesized the 

second SERS theory; “chemical effect” and published their study in 1977. They explained 
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that the charge transfer between metal surface and the molecule affects the polarizability of 

the molecule, which caused resonance Raman scattering [202]. Since then, electromagnetic 

and chemical enhancement mechanisms are accepted by the scientific community and the 

technique is named as surface-enhanced Raman scattering (SERS) [208]. It is now clear 

that the effectiveness of the electromagnetic enhancement is much more than the charge 

transfer effect, which is related to the chemical structure of the adsorbed molecule on the 

active metal surface. 

Silver and gold colloidal nanoparticles has been widely used as SERS substrates since the 

discovery of the enhancement effect of the rough electrode surface and then the discovery 

supported with the better explanation of the plasmonic properties of the metals. 

Plasmonics is the study of interactions of light with oscillating electron system of metals. 

When electromagnetic component of light interacts with the metal, the conductive 

electrons on metal surface begin to oscillate, these oscillating electrons are known as 

surface plasmons and first in 1978, Moskovits explained the relationship between surface 

plasmon and enhanced Raman scattering [209, 210]. Localized surface plasmon resonance 

(LSPR) and propagating plasmon, which are called as surface plasmon polaritons (SPP), 

are the types of surface plasmon resonance. In LSPR, a coherent oscillation occurs when 

oscillations of conducting band electrons of metal surface and frequency of light come into 

resonance as seen in Figure 1.10. 

 

Figure 1.10. Schematic illustration of surface plasmon resonance for a metal sphere.  
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SPP is a surface electromagnetic wave between interface of a metallic film and dielectric 

due to coherent charge oscillation [211]. Localized surface plasmons are formed around 

10-200 nm sized AuNPs and AgNPs and the size of the electromagnetic field around the 

nanoparticles is approximately a few nanometers, which is called ‘hot spot’ [212, 213]. 

Surface plasmons can be changed by modifying the shape, size and assembly of 

nanoparticles [214]. Electromagnetic fields of nanoparticles vary due to their geometries 

and the size of active field increase at sharp edges of metal nanoparticles as seen in Figure 

1.11. Geometries with sharp edges such as triangular, rod and oval display an efficient 

electromagnetic field compared to spherical nanoparticles as shown in Figure 1.12 [215]. It 

has to be noted that although the electric field of angular nanoparticles is more effective, 

their synthesis procedures are much more difficult than the spherical ones. The number and 

peak position of LSPR modes can change depends on the size of nanoparticles. When the 

size of nanoparticles increase, it enhances the scattering of light and a red shift occurs in 

the peak position and also a significant band width broadening is observed [216]. 

Nanoparticle clusters enhance the electromagnetic field formed by a single nanoparticle. A 

strong electromagnetic coupling occurs between the nanoparticles in the clusters and these 

coupling can be explained by plasmonic hybridization. A comparison of electric fields of a 

single and dimer nanoparticle can be seen in Figure 1.13 [217, 218].  

 SERS is one of the application areas of plasmonic nanostructures. Metal nanoparticles; 

Ag, Au, Cu, Li and Al support surface plasmon activity due to their dielectric function in 

the UV/Vis and near infrared region (NIR) [219, 220]. Unlike other metal nanoparticles, 

AgNPs support surface plasmon activity in the region of 300-1200 nm. Furthermore, 

electrical and thermal conductivity of silver is higher than other metals, which is related 

with the electron density [214].  
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Figure 1.11. Colorful E-field enhancement contours of silver nanoparticle monomers with 

different shapes: (a) and (b) a triangular prism polarized along the two different primary 

symmetry axes; (c) and (d) rod and spheroid polarized along their long axes. The arrows 

show the maximum of the E-field [221] 

 

Figure 1.12. Electric field contours for a 30 nm radius silver nanoparticle in vacuum. The 

excitation light is in resonance with the plasmon oscillations [222]. 
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Figure 1.13. Comparison of electric field distributions of (a) a single AuNP and (b) 

nanoparticle dimer [223]. 

1.14. APPLICATION OF SERS IN CHARACTERIZATION OF 

MICROORGANISMS AND BIOFILMS 

Identification and detection of microorganisms are very important in clinics inset but the 

complex nature of microbial world complicates the process. SERS is also studied as an 

alternative technique to the conventional techniques. Initially, Holt and Cotton 

characterized bacteria by utilizing SERS in 1988, where they identified the cell membrane 

with using a silver electrode as a SERS substrate [224]. Then, the whole bacterial cells 

were characterized by Efrima et. al in 1998 [225]. Zeiri et al. used silver  and gold 

nanoparticles (AuNP) as substrates for detection of microorganisms using SERS [226, 

227]. Premasiri et al. used AuNPs coated SiO2 SERS substrates by sol-gel method for 

characterization of bacteria [228]. According to several studies, the potential of using  

SERS technique is promising compared to other conventional detection methods [229] and 

AgNP and AuNP colloidal suspensions are the most suitable SERS substrates. However, 

there is a major problem in the utilization of SERS in the field, which is the reproducibility 

and quality of the obtained SERS spectra. This problem occurs because of the 

heterogeneous mixture of metal colloid as well as the sample. New approaches were 

developed by our group to solve reproducibility problem of SERS. Bacteria and 

nanoparticles were assembled onto a glass slide by convective assembly and concentrated 

AgNPs were used to improve reproducibility and also layer-by-layer coating approach 

were applied for identification of a single bacterial cell [230-232].  
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While the use of SERS in bacteria detection is an attractive research field, the uncertainty 

in molecular origins of the SERS signals from the spectrum limited its applications. In 

general, it was accepted that the main spectral pattern of a microorganism exhibit the 

SERS signals attributed to outer cell wall components [189, 233-239]. There are 

conflicting assignments in the literature about the band observed at around 730 cm-1, which 

is the strongest band of the SERS spectrum of a bacterium. In several studies, it was 

indicated that this peak is attributed to the main components of a peptidoglycan; glycosidic 

ring or C–N stretching mode of N-acetyl-D-glucosamine or N-acetylmuramic acid [76, 

240]. One of our previous study, we found that the spectral features on a SERS spectrum 

of a bacteria could not be originating from peptidoglycan structure but could be originated 

from nucleic acids and metabolites attach on the surface of microorganisms’ cell wall 

during sample preparation steps [241]. In a very recent study, it was demonstrated that the 

bands on the SERS spectra of bacteria mainly belong to the purine bases in the 

extracellular matrix, which occur with the nucleotide degradation under stress conditions 

[242]. 

Although SERS is a useful technique to identify biofilm composition, published studies in 

this area are limited at the moment. Ivleva et al. demonstrated characterization of biofilm 

matrix by SERS, where they used hydroxylamine hydrochloride-reduced AgNPs to obtain 

reproducible SERS spectra and this was the first study of biofilm characterization by SERS 

[187]. In another study, quorum sensing molecule N-acyl homoserine lactones were 

determined by SERS [189]. A multispecies heterotrophic biofilm was characterized and 

imaged by utilizing SERS with silver colloidal NP-based substrate. Raman spectroscopy 

and SERS techniques were compared in the same study and the better suitability of SERS 

was demonstrated [187]. Ramya et al. characterized algae and bacteria biofilms which 

were grown on titanium surface by micro-SERS [243]. Observing differentiation of the 

composition during biofilm formation is very important for understanding the behavior of 

microorganisms during the process. With this approach, Chao et. al observed the 

differentiation stages of the biofilm composition by obtaining SERS spectra at specific 

cultivation periods [185]. Biofilm formation were also monitored in situ by our group with 

using chitosan coated AgNPs as a SERS substrate [186]. Chitosan layer prevented 

dissolution of Ag ions and act as a biological semipermeable barrier in complex biological 

systems. A possibility of a more detailed examination of the biofilm structure by 
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combining spectroscopic methods has been shown in a different study, where they used 

confocal Raman spectroscopy and matrix-assisted laser desorption ionization mass 

spectrometry for identification EPS components in biofilm matrix of P. aeruginosa [244].  

The response of the biofilm-forming microorganisms to the antibiotic treatment can also be 

determined by SERS through comparing the spectral changes during the process as 

demonstrated in a study published by our group [245]. Biofouling is one of the major 

problem in water industry as mentioned above, and SERS has started to be used in recent 

studies both in the biofouling detection in water membranes, in monitoring the response of 

microorganisms to cleaning agents as well as in the identification of interspecies 

interactions in dual-species biofilm [246]. Clinically important microorganisms, P. 

aeruginosa is known as one of the most important clinic pathogenic bacteria, leading to 

lethal, irreversible infections. For this reason, in recent years, there has been an increase in 

research studies about understanding the biofilm processes of P. aeruginosa, determination 

of the quorum sensing molecules and their biomarkers by using SERS [247, 248]. In our 

recent published study, we also aimed to apply SERS to the clinical investigations, and we 

used P. aeruginosa, S. epidermidis and C. albicans and identified the molecular changes in 

the biofilm formation with SERS and at the same time we demonstrated the discrimination 

of these microorganisms with a multivariate statistical method, Principal Component 

Analysis (PCA) according to significant differences in the spectral patterns [188].  
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2. OBJECTIVES OF THE STUDY 
 

Pathogenic microorganisms form biofilms on different types of surfaces in environment 

and human body, which alter their metabolic activities during adaptation on the host 

surface. Identifying the metabolic activities of the clinically relevant microorganisms, P. 

aeruginosa, S. epidermidis and C. albicans, on surfaces with different chemical structure is 

one of the key point of this study. Showing the applicability of SERS, instead of 

microbiological techniques, in biofilm detection in clinics was the pivotal aim of this 

study.  

To compare the biofilm processes of pathogenic model microorganisms; the 

microorganisms were incubated on various surfaces such as agar plates, 2-dimensional 

(2D) and 3-dimensional (3D) poly (methyl methacrylate) (PMMA) substrates and 3D 

glucose-gelatin scaffolds. The purpose of using agar plates was to monitor the behavior of 

microorganisms in their natural environment, PMMA was preferred because it is one of the 

widely used polymer in medical devices and implants. Also, the glucose-gelatin scaffolds 

were used as representative substrates that can mimic the substrates present in the 

environment as energy sources, which microorganisms can use extensively. At the same 

time, the importance of the effect of physicochemical properties of substrates on biofilm 

formation were aimed to be demonstrated with this study using 2D and 3D surfaces.  

At a clinical setting, biofilms do not always consist of a single-species of microorganism. 

Therefore, discriminating microorganism species in a chaotic biofilm structure was the 

main goal to show the efficiency of the SERS technique. For this purpose, discrimination 

of microorganisms was aimed not only in a single-species biofilm but also in a multi-

species biofilm to show the power of the technique with its easy and fast analysis 

approach. 
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3. MATERIALS AND METHODS 
 

3.1. EXPERIMENTAL DESIGN 

The experimental design is given in Figure 3.1. Briefly, the microorganisms were 

inoculated on agar plates, 2D PMMA glass slides, 3D PMMA substrates and 3D glucose-

gelatin scaffolds after subculturing. 10 µl of AgNPs were added on the biofilm samples 

and SERS measurements were performed after AgNPs get in contact with biofilm 

components. The details of the experimental steps are given below. 

 

Figure 3.1. Schematic diagram of the experimental design. 

SERS spectra originate from very close vicinity of AgNPs or molecular species stick to 

their surfaces. Thus, it is important to understand the interaction possibilities between 

AgNPs in the colloidal suspension and the biofilm components. As seen on Figure 3.2, a 

10 µL of AgNP colloidal suspension is added onto the biofilms started to form. As soon as 

the droplet of suspension is added, depending on the surface 

hydrophobicity/hydrophilicity, the droplet spreads and the water in the droplet is adsorbed 

by the underlying biofilm. The dynamics in the droplet during this process determines the 

interaction of AgNPs and their aggregates with the soluble biofilm components diffuses 

into the colloidal suspension during spreading.  In addition, the preferential interaction of 

the molecular species with AgNPs can be a factor defining the strength of the interaction 

between them. Certain species might have increased affinity for AgNPs surfaces. At early 

incubation times of biofilm formation, we could say that AgNPs get in contact both with 
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purine bases secreted by the microbial cells and the biological components secreted as an 

extracellular matrix. However, extracellular matrix coated the surface of microbial cells at 

the maturation phases of biofilm formation, which prevent the interaction of AgNPs with 

early metabolites around the cells and AgNPs interacted with the biofilm components. The 

possible situation is that the AgNPs may be mostly interacted with diffusible components 

into the silver colloid (Figure 3.2 a) and when the droplet get dried, the AgNPs aggregated 

on the biofilm with the components on their surfaces (Figure 3.2 b). An electromagnetic 

field occur around the plasmonic AgNPs and this active hot spot areas increase when the 

AgNPs form clusters especially during drying on the biofilm sample. The SERS signals 

not only obtained from the molecules on the surface of AgNPs but also, they may obtained 

from the molecules, which are in an interaction with the electromagnetic field. The 

diffusion of proteins, carbohydrates and genetic materials from biofilm sample into the 

colloidal droplet is possible, but diffusion can not be possible for lipids and other water-

insoluble components. However, specific peaks of water-insoluble components can be 

observed on the obtained SERS spectra due to their interaction with the electromagnetic 

field of the AgNPs clusters. This scenario can be possible for smooth surfaces. However, 

due to the non-smooth and chaotic surfaces of 3D fibrous and porous substrates this 

scenario might not be applicable or at least can be difficult to estimate the real dynamics. 

 

Figure 3.2. A possible scenario for interaction of AgNPs with biofilm components in silver 

colloidal suspension (a) and AgNPs aggregates on biofilm sample with components 

attached on their surface (b). 
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3.2. CHEMICALS  

Tryptic Soy Agar (TSA), nutrient agar (NA), sabouraud 2 per cent glucose agar (SDA), 

nutrient broth (NB), glutaraldehyde (25 per cent solution in water) and tri-sodium citrate 

were purchased from Merck (Merck KGaA, Darmstadt, Germany). Tryptic soy broth 

(TSB), sabouraud dextrose broth (SDB), gelatin from porcine skin, D (+) glucose, poly 

(methyl methacrylate), acetone, and silver nitrate (AgNO3) (99.5 per cent) was purchased 

from Sigma-Aldrich. FilmTracer SYPRO Ruby biofilm matrix stain was purchased from 

ThermoFisher Scientific. 

3.3. MICROORGANISMS 

The microorganisms Pseudomonas aeruginosa 15692, Staphylococcus epidermidis 

35984D-5 and Candida albicans 10231D-5 were obtained from ATCC (England, UK). 

3.4. SYNTHESIS OF SILVER NANOPARTICLES 

The 50 nm AgNPs were synthesized by Lee and Meisel method [249]. A 90 mg of AgNO3 

was dissolved in a 500 mL double-distilled water (ddH2O) and the AgNO3 solution was 

heated under stirring until boiling. Then, a 10 mL (1 per cent) of tri-sodium citrate solution 

was added drop wise into the solution and the reaction stopped when the volume reduces to 

250 mL. The concentration of the synthesized AgNPs colloidal suspension was named as 

1X.  The 1X suspension was centrifuged at 5500 rpm for 30 min and ¾ of the supernatant 

was removed to increase the final colloidal concentration 4-times, named as 4X, which was 

used for the SERS measurements. 

3.5. PREPARATION OF 2D PMMA SUBSTRATES 

The experimental design of preparing PMMA substrates is given in Figure 3.3. 250 mg 

PMMA was dissolved in 10 mL toluene with sonicating at 50 oC for 2 hours. PMMA 

substrates were prepared with drop casting approach using a mold. The PMMA coated 
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glass slides were incubated overnight at room temperature and then they were annealing at 

90 oC for 2 hours in an oven. 

 

Figure 3.3. Experimental design of preparing a PMMA coated glass slide. 

3.6. PREPARATION OF 3D PMMA SUBSTRATES 

2 grams of PMMA were weighed and placed into 7 ml of acetone and incubated overnight 

at room temperature on a shaker. Then, the polymeric solution was placed in plastic 

syringe for electro-spinning. Figure 3.4 shows the electro-spinning preparation of 3D 

PMMA substrates. Polymeric material in the syringe is sent to the collection table with the 

aid of a pump at a rate of 0.5 ml / s and 18 kV voltage. The fibers were deposited an 

aluminum foil placed on the collector. The PMMA substrates were cut into 1 cm x 1 cm 

pieces for further use in the experiments. 
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Figure 3.4. Experimental design of preparing 3D PMMA substrates. 

3.7. PREPARATION OF 3D GLUCOSE-GELATIN SCAFFOLDS 

Glucose containing gelatin porous structures were prepared by freeze dryer, which are 

planned to be used as an energy source by bacteria. Gelatin and glucose were dissolved in 

ddH2O (5 per cent w/v, 2.2 per cent w/v) and stirred at 40 ºC for two hours. Glutaraldehyde 

solution (5 per cent, g/ml) was added as a cross-linker to obtain rigid substrates in an 

aqueous media. The reaction was followed for half an hour after adding glutaraldehyde to 

allow the progress of the reaction. The glucose gelatin mixture was frozen at -80 ºC 

overnight and freeze-dried for 24 hours [279]. 

3.8. PREPARATION OF MICROORGANISM SAMPLES 

P. aeruginosa, S. epidermidis were sub-cultured at 37 oC for 18 hours in TSB, NB and C. 

albicans were sub-cultured at 37 oC for 48 hours in SDB. The 50 µl sub-cultured 

microorganisms (OD600=1) were inoculated on the plates in order with TSA, NA and 

SDA by using beats to spread the microorganisms on the agar plates and on the 2D and 3D 

PMMA substrates and 3D glucose-gelatin scaffolds homogenously. The microorganisms 

were incubated on substrates between 4 and 120 h after inoculation to monitor biofilm 

formation. 
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Multi-species biofilm formation samples were prepared by inoculating the 20 µl sub-

cultured P. aeruginosa, S. epidermidis and C. albicans on the same NA plates 

homogenously with using beats. The multi-species microorganisms were incubated for 48 

h after inoculation.  

3.9. PREPARATION OF MICROORGANISMS TO OBTAIN THE 

BACKGROUND SERS SPECTRA 

The microorganism samples of P. aeruginosa, S. epidermidis and C. albicans were 

cultivated on TSA, NA and SDA, respectively. The microorganism samples were collected 

from the agar plates with a loop and dispersed in 1 mL ddH2O. The microorganism 

samples were washed three times with centrifuging at 7500 rpm for 5 min. A 5 µl of each 

microorganism were mixed with 100 µl of 4X AgNPs and dropped 2 µl on a calcium 

fluoride (CaF2) slide and incubated until get dried for SERS measurements. 

3.10. SERS MEASUREMENTS 

SERS spectra from biofilm were collected 20× long distance objective (N.A.=0.40) with 

2.5 µm spot sized and 5 s exposure time with 30 mW laser power from 830 nm excitation 

with 1200 line/mm grating using a Renishaw inVia Reflex Raman spectrometer equipped 

with a high speed encoded stage (Streamline™), a Leica DM2500 upright microscope. All 

the experiments repeated three times. In one experiment SERS spectra were obtained from 

3 different spots. From each spot, total of 36 spectra were obtained, which brings the total 

spectra to 108 spectra from one experiment. Each experiment repeated three times. Totally 

each spectrum on figures are the average of 324 spectra on every time points of 3 

microorganisms. Coefficient variants (CV) of the data set determined between 36 spectra 

of each spot and between the averages of spot-to-spot and sample-to-sample. CV values 

were determined with the formulation of dividing the standard deviation value by the mean 

value and multiplying this by 100 with using the spectral data.  
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3.11. DATA PREPROCESSING  

Wire 4.1 software was used for preprocessing of the collected data. First, baseline 

subtraction and cosmic ray removal were applied to each spectrum. The acquired spectra 

were averaged after smoothed by Savitzky-Golay filtering and they were normalized to be 

equal to 1. 

3.12. STATISTICAL ANALYSIS 

Data analysis was performed with using SPSS 20.0. Principal Component Analysis (PCA) 

and Lineer Discrimination Analysis (LDA) algorithms were used for statistical analysis to 

identify the unique spectral characteristics of biofilms of three model microorganisms on 

different substrates. First, the significant PCs were defined from the original spectral data. 

Then, the regression (REGR) factors were used for classification the model 

microorganisms with PC-LDA. 

3.13. ULTRAVIOLET-VISIBLE SPECTROSCOPY ANALYSIS 

Lambda 25, Perkin Elmer Ultraviolet-Visible (UV-Vis) spectrometer was used for the 

analysis of AgNPs colloidal suspension. The AgNPs concentrations were determined as 

100 µg/mL before characterization with UV-Vis spectrometer. 

3.14. TRANSMISSION ELECTRON MICROSCOPY ANALYSIS  

JEOL 2100 transmission electron microscope (TEM) instrument equipped with an Oxford 

Instruments 6498 EDS system (Germany) was used for characterization of AgNPs. 200 kV 

operating voltage was used for the TEM analysis with LaB6 filament. 
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3.15. SCANNING ELECTRON MICROSCOPY ANALYSIS  

The scanning electron microscopy (SEM) images were acquired by using a Carl Zeiss Evo 

40 instrument at under high vacuum with a potential of 10 kV. For SEM analysis, the small 

agar samples cut and removed from the agar plates and the biofilm samples on 2D and 3D 

PMMA and 3D glucose-gelatin scaffolds were fixated with incubating the samples in 

glutaraldehyde solution (2.5 per cent in phosphate buffer saline) for 30 min. at 4 oC. The 

biofilm samples then incubated in 50 per cent, 70 per cent, 90 per cent and 100 per cent 

ethanol for 5 min at room temperature, respectively.  

3.16. CONFOCAL LASER SCANNING MICROSCOPY ANALYSIS 

The images were taken with 20× 0.8 N.A. objective, Zeiss LSM 780 Confocal Laser 

Scanning Microscope (CLSM) and FilmTracer SYPRO Ruby Biofilm Matrix Stain 

(ThermoFisher Scientific) were used. 150 µL of biofilm stain was added onto the biofilm 

sample and incubated for 30 min at room temperature in dark. Then, the samples were 

rinsed with filtered ddH2O before imaging. 

3.17. FOURIER TRANSFORM INFRARED SPECTROSCOPY  

Fourier Transform Infrared Spectroscopy (FT-IR) characterization on both pristine and 

modified particles was performed using Thermo Scientific Nicolet iS50ATR equipment in 

Attenuated Total Reflectance (ATR) mode from 4000 to 400 cm-1 at a resolution of 4 cm-1 

with a total of 32 scans. 
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4. RESULTS AND DISCUSSIONS 
 

4.1. CHARACTERIZATION OF SILVER NANOPARTICLES 

The synthesized AgNPs colloidal suspension were characterized with UV-Vis (Figure 

4.1a) spectroscopy and TEM (Figure 4.1b). The maximum absorbance of the UV-Vis 

spectrum of AgNPs colloidal suspension was observed at 420 nm. In correlation with this 

observation, the average diameter of AgNPs were determined to be approximately 50 nm 

as seen in the TEM image. 

 

Figure 4.1. The UV-Vis spectrum and TEM image of AgNPs. 

4.2. CHARACTERIZATION OF BIOFILM SUBSTRATES 

4.2.1. Characterization of 2D PMMA Substrates 

The PMMA coated glass surface was characterized by FT-IR. In Figure 4.2, comparative 

FT-IR spectra of pure PMMA and PMMA coated glass surface are given. All the 

characteristic peaks of PMMA were observed in the spectrum from PMMA coated glass 

surface. Digital and SEM images of the PMMA coated glass slides is shown in Figure 4.3 

In Figure 4.3a-b it is seen that the entire surface was evenly covered with a polymeric 
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solution. The bubbles can be seen on the surface of the polymer coating in Figure 4.3c. The 

bubble formation is an expected situation that they formed during the evaporation of the 

polymer solvent. Also, thickness of the coating was determined as around 280 µm (Figure 

4.3d). 

 

Figure 4.2. FT-IR spectra of PMMA and PMMA coated glass slide. 

 

Figure 4.3. Digital images (a, b) and SEM images (c, d) of PMMA coated glass slides. 
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4.2.2. Characterization of 3D PMMA Substrates 

The digital image of a 3D PMMA substrate, prepared with electrospinning, is given in 

Figure 4.4a. The average fiber diameter of polymeric substrate was determined to be 

approximately 2.9-5.3 µm as seen in SEM image in Figure 4.4b.  

 

Figure 4.4. Digital image (a) and SEM image (b) of a 3D PMMA substrate. Scale bar is 20 

µm. 

4.2.3. Characterization of 3D Glucose-Gelatin Scaffolds 

The 3D glucose-gelatin scaffolds were prepared by freeze-dryer to obtain a porous 

structure in order to provide adhesion of microorganisms. The digital image of the scaffold 

and also the SEM image in Figure 4.5 showed the regular porous structure.   

 

Figure 4.5. Digital image (a) and SEM image (b) of a 3D glucose-gelatin scaffold. Scale 

bar is 200 µm.  
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4.3. BACKGROUND SERS SPECTRA OF SILVER NANOPARTICLES AND 

MICROORGANISMS 

The SERS spectrum of AgNPs was obtained to identify the possible interference from the 

background as seen in Figure 4.6. Because AgNPs were reduced with citrate, a C-C 

stretching peak of citrate on the surfaces of AgNPs was observed at 1050 cm-1 on the 

spectrum of dried AgNPs. The SERS spectra of P. aeruginosa, S. epidermidis and C. 

albicans were also obtained to observe the general spectral pattern of the planktonic cells 

given in Figure 4.7.  

 

Figure 4.6. SERS spectra of AgNPs. 
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Figure 4.7. SERS spectra of P. aeruginosa, S. epidermidis and C. albicans. 

4.4. BIOFILM FORMATION ON SUBSTRATES 

4.4.1. Agar Plates 

The SERS spectra from growth media (TSA, NA, SDA) were obtained in the same manner 

that the SERS measurements from biofilms were performed, where a 10 µl volume of 

colloidal AgNPs was placed onto the solid culture plate and waited until dryness, 

approximately 10 min., then SERS measurement was completed. The list of the tentative 

peak assignments was given in Table 4.1.  
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Table 4.1. Tentative peak assignments list for SERS spectra. 

 
Peak (cm-1) Assignment 

730 *Purine bases [241, 242] 

756-796 DNA/RNA fragments [228, 238, 251-254] 

810-815, 837-853 Tyrosine [238, 255] 

873-889 

-C-C stretching and C-O-C 1,4-glycosidic link from carbohydrates 

[237, 238, 254, 256] 

907, 909 C-COO- stretching from carbohydrates [257] 

918-955 * * Possibly α-helices and/or carbohydrates [258] 

1003 Phenylalanine [259] 

1032 C–C stretching [260] 

1045-1086 C-O and C-C stretching of carbohydrates [238] 

1085-1181, 1355 Pyocyanin [250] 

1103-1159 N-H Protein [185] 

1211-1288 Amide III [185, 235, 240, 261] 

1328-1413 COO- stretching of carbohydrate [187] 

1445-1486 CH2/CH3 deformation of lipids [233] 

1485-1490 Adenine [262] 

1505, 1527 N-H and C-H Bending, C=C Stretching [185] 

1567 Amide II [185] 

1600-1622 Amide I [263] 

 

On the SERS spectra of growth media in Figure 4.8, the carbohydrate peaks of C-C 

stretching and C-O-C 1,4-glycosidic linkage were observed at 862 cm-1 [237, 238, 256]. 

The peak at around 1003 cm-1 attributed to phenylalanine and the peak 1032 cm-1 

belonging to C–C stretching as expected from the growth media [259, 260]. The peak 

attributed to N-H proteins observed at 1146 cm-1. The peak at 1462 cm-1 attributed to 

CH2/CH3 deformation of lipids [233]. Amide I band from proteins present in growth media 

were observed at 1608 cm-1[263].  

Figure 4.9 shows the SERS spectra of biofilm formation of P. aeruginosa at increasing 

incubation times from 4 to 120 h. The citrate reduced AgNPs were used as substrates by 

placing about 10 µL of AgNP colloidal suspension on formed biofilm and waited 

approximately for 10 min for interaction of AgNPs with biological components. The 

metabolic activities of microorganisms were not affected from the interaction with AgNPs. 
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In a previous study of ours, we have shown that incubation with AgNPs does not change 

the growth profiles of microorganisms [241].  

 

Figure 4.8. SERS spectra of growth media; TSA, NA and SDA. 

The metabolic activity of microorganisms can be monitored from the spectral changes 

during accumulation of biofilm formation [185]. The intensity of the band at 730 cm-1 

belonging purine bases at the outer layer of the bacteria and in the extracellular 

metabolome decreased after 48 h incubation within maturation phase of biofilm. Protein, 

carbohydrate and lipid synthesis increase in maturation phase of biofilm formation, which 

coats the microbial cells.  The bands at 796 cm-1 and 1567 cm-1 are attributed to 

DNA/RNA fragments [228, 238, 251-254]. The intensity of these peaks started to decrease 

after 48 h with maturation of biofilm formation. Since the AgNP colloidal suspension is 

placed on the biofilm after a certain time interval, the AgNPs come into contact with 

whatever was secreted on the surface of a biofilm. A fluctuation in the intensity of a band 

indicates a change in the concentration profile of that specific biomolecular species in the 

biofilm matrix. The biofilm structure covers the bacterial cells and acts as a shell for the 
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living system and limits the interaction of the system with the external components as 

indicated previously. When the AgNP colloidal suspension is added on the next SERS 

measurement point, the secreted biomolecular species during previous time point is buried 

under newly formed biofilm matrix. This process continues until the completion of the 

biofilm, thus the added AgNPs come into contact with new biofilm matrix composition at 

every time point where the SERS measurements were performed. The band at 1485 cm-1 

which is also attributed to adenine was observed after 8 h of incubation with an increasing 

intensity profile during incubation [262]. 

The band at 909 cm-1 could be attributed to C-COO- stretching vibration of alginate, a 

polysaccharide, [257] started to decrease after 24 h incubation [264]. The expression of 

polysaccharides during accumulation of biofilm formation was demonstrated in a previous 

study [265]. The intensity of the band originating from alginate started to increase after 8 

h. As it is known, alginate is the main EPS component expressed from P. aeruginosa to 

provide mechanical strength to 3D structure of the biofilm composition [266]. 

Proteins are the major component of EPS and are expressed during biofilm formation with 

increasing concentrations that was also observed in this study at increasing incubation 

times on the SERS spectra of P. aeruginosa [267]. Ring breathing band of tyrosine at 815 

cm-1, [238, 255] which is an amino acid in protein structure, was observed with a 

significant increase in intensity after 8 h of incubation. Amide I band of proteins was 

observed at near 1600 cm-1 with an intensity increase profile during the maturation of 

biofilm. The bands at 1235 cm-1, 1256 cm-1 and 1288 cm-1 attributed to Amide III 

vibrations [185, 235, 240, 261], and their intensities started to increase significantly during 

the maturation phase. The intensity increase in Amide I and Amide III bands indicates the 

expression of proteins by P. aeruginosa as an ongoing process in all stages of biofilm 

formation. Following 8 h incubation, an increase was observed in the intensity of the bands 

at 1085 cm-1 and 1181 cm-1, and also the band at 1355 cm-1 appeared after the 4 h 

incubation. These bands were suggested as characteristic peaks of pyocyanin in a recent 

study, which is known as a toxic blue-green pigment excreted by P. aeruginosa. Pyocyanin 

was also used as a biomarker in SERS studies for the identification of infections caused by 

P. aeruginosa [250]. 
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Figure 4.9. SERS spectra of P. aeruginosa biofilm formation at different cultivation 

times between 4 and 120 h. 

Figure 4.10 shows the SERS spectra obtained from biofilm of S. epidermidis at increasing 

incubation times between 4 h and 120 h. The intensity of the band at 730 cm-1 decreased 

with the maturation of S. epidermidis biofilm, which can be explained again with 

decreasing interaction of AgNPs with the purine bases released from bacterial cells [241, 

242]. A significant change was not observed on the band intensity of 756 cm-1, which is 

attributed to DNA/RNA fragments. After 4 h of incubation, the intensity of the peak 

attributed to proteins at 1126 cm-1 increased. A slight increase was observed at the peaks 

875 cm-1 and 1332 cm-1 attributed to carbohydrates. This slight increase can be explained 

with the general metabolism of S. epidermidis expressing polysaccharide PIA, which is the 

major component of the biofilm matrix allowing regulation of biofilm formation [76]. The 

bands at 849 cm-1 and 1213 cm-1 belonging to tyrosine and Amide III bands, respectively, 

started to increase during maturation of biofilm matrix. A significant intensity increase 

appeared for Amide I band of proteins at 1600 cm-1 after 48 h incubation with the 
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accumulation of biofilm. In a recent study, the importance of a specific protein, 18 kDa 

Small basic protein (Sbp), for biofilm formation of S. epidermidis was demonstrated. This 

scaffold protein is responsible for the accumulation of biofilm formation through 

promoting the synthesis of PIA and accumulative proteins [268]. This connection between 

the protein expression and regulation of biofilm formation is sufficient to explain the 

concentration increase on the protein bands with increasing incubation times. A significant 

change was not observed on the band intensities at 1445 and 1464 cm-1 attributed to lipids. 

From the spectral fluctuations, one can conclude that the metabolic activity of S. 

epidermidis was more stable than P. aeruginosa when their SERS spectra at increasing 

incubation times were compared. 

 

Figure 4.10. SERS spectra of S. epidermidis biofilm formation at different cultivation 

times between 4 and 120 h. 

Figure 4.11 shows the SERS spectra of C. albicans biofilm formation at increasing 

incubation times between 4 and 120 h. The biofilm characteristic of C. albicans was 

demonstrated in the literature. C. albicans are metabolically very active in the first 8 h and 
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increase the cell number until maturation phase of biofilm formation. The enrichment of 

the matrix composition was observed with the accumulation of the biofilm process until 24 

h and 48 h [269]. The band patterns of 837 cm-1 and 869 cm-1 attributed to tyrosine and 

carbohydrates, respectively, changed after the early phase of biofilm formation at 24 h and 

48 h incubation times. The intensities of Amide III and Amide I bands at 1250 cm-1, 1267 

cm-1 and 1610 cm-1 also increased significantly at accumulative phase of biofilm formation 

(24-48h). The intensity of the band attributed to C-N stretching of proteins and the 

intensity of the bands at 1454 cm-1 and 1473 cm-1, which are attributed to lipids, increased 

with the maturation of biofilm formation at 72 h incubation. After the 72 h incubation, the 

bands, which are attributed to proteins, could not be observed clearly due to decreasing 

penetration ability of AgNPs into the maturated biofilm composition. In conclusion, the 

significant changes in the metabolic activities of C. albicans started to be observed after 

early phase of biofilm formation. 

 

Figure 4.11. SERS spectra of C. albicans biofilm formation at different cultivation times 

between 4 and 120 h. 
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Figure 4.12 shows the SEM images of biofilms formed by P. aeruginosa on agar plates at 

incubation times between 4 and 120 h. As it is seen from the images, at 4 h incubation time 

bacteria cells could be observed individually, but with increased incubation time, a biofilm 

shell formed on the cells, which made it difficult to obtain SEM images from agar samples 

of P. aeruginosa. The SEM images showed the formation of biofilm, where the cells 

attached to the agar surface as well as each other irreversibly, and formed a layer on the 

agar surface. 

Figure 4.13 shows the SEM images of S. epidermidis at incubation times between 4 and 

120 h. The proliferation of microorganisms could be clearly seen from the SEM images 

with increasing incubation time. After 48 h incubation, the 3D shape of biofilm formation 

was observed, where the cells were imbricated. 

Figure 4.14 shows the SEM images of agar samples of C. albicans at 4-120 h incubation 

times. The number of yeast cells increased during with increasing incubation time and 

again the 3D shape of biofilm formation after 48 h incubation was observed. At 96 h and 

120 h incubation times, dead cells were also observed on the SEM images, which could 

occur due to nutrient depletion. 

Biofilm samples of P. aeruginosa, S. epidermidis and C. albicans were evaluated with 

CLSM as seen in Figure 4.15-4.17. FilmTracer SYPRO Ruby biofilm matrix stain was 

used to stain proteins in the biofilm matrix. In CLSM images of P. aeruginosa (Figure 

4.15), the individual cells could only be observed at incubation times 4 and 8 h. The 

microorganisms formed a smooth biofilm shell covering the whole surface. Although it 

was not possible to obtain clear images from biofilm samples, the thickness of the biofilm 

layer could be determined. It was found that the thickness of the biofilm increased in 

parallel with increasing incubation times; 7.96, 14.43, 28.00, 32.70, 44.24 µm at 

incubation times between 24-120 h, respectively. A significant cell aggregation and 

biofilm layer formation of S. epidermidis and C. albicans with increasing incubation times 

could be observed in Figures 4.16 and 4.17. 



52 
 

 

 

Figure 4.12. SEM images of P. aeruginosa biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 2 µm. 
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Figure 4.13. SEM images of S. epidermidis biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.14. SEM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.15. CLSM images of P. aeruginosa biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.16. CLSM images of S. epidermidis biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.17. CLSM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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4.4.2. 2D PMMA Substrates 

The SERS spectrum of 2D PMMA substrate was obtained to clarify the possible 

interferences from the background as seen in Figure 4.18. A droplet of AgNPs colloidal 

suspension was added on the polymeric substrate and SERS measurements were performed 

after the droplet got dried. A sharp peak was observed at 1062 cm-1 from the PMMA 

substrate as a background. 

 

Figure 4.18. SERS spectra of a 2D PMMA substrate. 

The metabolic activity changes of P. aeruginosa on a 2D PMMA substrate during biofilm 

formation is given in Figure 4.19. The peaks at 1355, 1405, 1489, 1562, 1600 and 1618 

cm-1 attributed to pyocyanin, COO- stretching of carbohydrates, adenine, Amide II and 

Amide I and these peaks appeared suddenly after 8 h incubation and their intensities 

increased rapidly during incubation. 72 h incubation time was especially very important for 

P. aeruginosa on a 2D PMMA substrate because a very sharp change was observed on the 

spectral pattern. The intensity change in determined peaks demonstrated the increased 
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expression of protein, carbohydrate and pyocyanin with the maturation of biofilm. It is 

possible to designate the 72 h as a time point of maturation of biofilm due to the intensity 

decrease at the peak 730 cm-1 belonging to purine bases. However, an intensity increase 

was observed at the peak belonging to adenine ring stretching mode as a result of eDNA 

synthesis as a biofilm component. The sticky polymeric shell coated the cells at 72 h 

incubation time and prevented their interaction with AgNPs.  

  

Figure 4.19. SERS spectra of P. aeruginosa biofilm formation at different cultivation times 

between 4 and 120 h. 

The supportive studies in the literature shows that eDNA has a very important role in 

biofilm formation, which acts as an antibiotic barrier and provides the mechanical strength 

of the structure along with polysaccharides and proteins [51, 52]. One can conclude that 

surface properties can change the metabolic activity of P. aeruginosa during biofilm 

formation. Although 24 h was determined as a time point for biofilm regulation on agar 

plates, the accumulation of the process reduced on 2D PMMA substrates. 
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The spectra obtained during the biofilm formation of S. epidermidis are given in Figure 

4.20 at cultivation times between 4-120 h. The metabolic activity of S. epidermidis was 

very slow on hydrophobic PMMA surface, in which it is known that S. epidermidis is 

widely forms biofilm on human skin and mucosa membranes beside hydrophobic medical 

implants [153]. Polymeric carbohydrates and proteins have primary roles for intercellular 

adhesion and providing resistance to neutrophils and antibiotics on a host surface [75-77, 

80, 81]. The determined peaks on S. epidermidis SERS spectra were consistent with the 

literature reports. The peaks belonging to phenylalanine, C-C, C-O, C-C and C-N 

stretching and Amide I of proteins and COO- stretching of carbohydrates showed a slight 

increase in the intensities with the formation of biofilm. A distinct change was observed in 

spectral pattern at incubation time 96 h. Although an indefinite fluctuation throughout 

incubation was observed in the intensity of the peak at 730 cm-1, attributed to purine bases, 

due to the heterogenic structure of the biofilm, a distinct intensity increase was observed at 

96 h incubation with enrichment of the biofilm component with carbohydrates and 

proteins.  
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Figure 4.20. SERS spectra of S. epidermidis biofilm formation at different cultivation 

times between 4 and 120 h. 

Figure 4.21 shows the SERS spectra of biofilm formation of C. albicans on 2D PMMA 

substrates. The intensity of the carbohydrate peaks at 955, 1032, 1045 and 1322 cm-1 

increased with accumulation of biofilm during the incubation and showed an impressive 

fluctuation after 48 h. It has recently been assigned that arabinose, mannose, glucose, and 

xylose are the main polysaccharides synthesis by C. albicans constituted a significant part 

of a mature biofilm [91]. An increase in protein and lipid content in C. albicans biofilm 

was also determined with the increased intensities of the peaks at 1242 and 1450 cm-1. 

Different from P. aeruginosa and S. epidermidis, it was observed that purine bases were 

expressed in increasing amounts over time at 730 cm-1. 
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Figure 4.21. SERS spectra of C. albicans biofilm formation at different cultivation times 

between 4 and 120 h. 

SEM images of biofilm formation of P. aeruginosa, S. epidermidis and C. albicans are 

given in Figure 4.22, 4.23 and 4.24. Colony growth and assembly on the polymeric surface 

could be observed from the images. The aggregation of the cells and formation 3D 

architecture was also seen at increased incubation times. Pseudohyphae morphology of C. 

albicans and daughter and mother cells could be also observed clearly at incubation times 

4 and 8 h before the cells imbricated.  

Biofilm samples were characterized with CLSM as seen in Figure 4.25, 4.26 and 4.27. 

Formation of extracellular matrix and cell aggregates could be seen significantly after 

incubation 72 h for P. aeruginosa, 96 h for S. epidermidis and 48 h for C. albicans 

consistent with SERS measurements.  
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Figure 4.22. SEM images of P. aeruginosa biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.23. SEM images of S. epidermidis biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.24. SEM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.25. CLSM images of P. aeruginosa biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.26. CLSM images of S. epidermidis biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.27. CLSM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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4.4.3. 3D PMMA Substrates 

SERS spectra of 3D PMMA substrates incubated in TSB, NB and SDB is given in Figure 

4.28. The fibrous structure of the PMMA substrate has the ability to absorb the liquid 

media in biofilm experiments. Therefore, to obtain the real background spectra the 

polymeric surfaces were incubated in liquid medium. The excess amount of liquid medium 

was removed after incubation and 10 µl of AgNPs suspension was dropped onto the 

PMMA substrate and waited until it dried. The SERS measurements were performed and 

the peak observed at 730 cm-1 attributed to glycosidic ring of polysaccharides included in 

liquid media [186]. The peaks at 955 cm-1 and 1324 cm-1 attributed to COO-stretching and 

C-N stretching of proteins were observed at 1128 cm-1 [185]. Phenylalanine, C-C 

stretching, Amide III and CH2/CH3 deformation of lipids peaks were also observed at 

1003, 1032, 1245 and 1464 cm-1 belonging to the liquid media [233, 259, 260]. 

 

Figure 4.28. SERS spectra of 3D PMMA substrates incubated with TSB, NB and SDB. 
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The main metabolic change of P. aeruginosa was observed after 72 h during biofilm 

formation on 3D PMMA substrates as seen from the SERS spectra in Figure 4.29. A slight 

increase was observed in the intensity of the peaks belonging to pyocyanin observed at 

1087, 1120, 1173 and 1355 cm-1 at 72 h incubation. It should be noted that there was not 

always a linear change in the spectral pattern. The observed fluctuations on peak intensities 

between the incubation times were the result of the non-smooth fibrous surface of the 

polymeric substrate. However, an instantaneous change was observed on the peaks of 

Amide III and Amide I of proteins, COO- stretching of carbohydrate and adenine peaks 

after 72 h.    

 

Figure 4.29. SERS spectra of P. aeruginosa biofilm formation at different cultivation times 

between 4 and 120 h. 

SERS spectra of S. epidermidis at cultivation times between 4-120 h is given in Figure 

4.30. A significant change was not observed in the amount of protein and carbohydrate 

synthesis during the incubation period. A slight increase was noticed in the intensity of the 

peaks at 1086, 1217 and 1569 cm-1 belonging to C-O, C-C stretching, Amide III and 
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Amide II, respectively. The first significant adhesion on the surface was observed at 24 h 

indicated the expression of the carbohydrate and protein. Fibrillary proteins have a major 

role on initial adhesion of microorganisms and early maturation of biofilm [84]. Also, note 

that the biofilm component PIA enhanced the intercellular adhesion, which can explain the 

correlated increase of carbohydrate and proteins at the same cultivation time [76]. We can 

conclude that S. epidermidis entered the early maturation phase of the biofilm during this 

incubation period at 120 h. 

 

Figure 4.30. SERS spectra of S. epidermidis biofilm formation at different cultivation 

times between 4 and 120 h. 

The main metabolic activity of biofilm formation of C. albicans on 3D PMMA substrates 

can be evaluated from the SERS spectra given in Figure 4.31. Biofilm matrix enrichment 

was observed especially at 48 and 72 h incubation times. Carbohydrate, protein and eDNA 

synthesis increased dramatically as seen from the peaks at 791, 873, 907, 1260, 1413, 1527 

and 1610 cm-1. The hydrophobic polymeric substrate increased the adaption and biofilm 

formation period of the yeast cells because main metabolic activity of C. albicans were 
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observed at 24 and 48 h on agar plates. Also, the fibrous structure of the surface can affect 

the obtained results. The yeast cells tended to be buried in the depths of polymeric fibers, 

which slowed down the interaction of the metabolites with AgNPs. 

 

Figure 4.31. SERS spectra of C. albicans biofilm formation at different cultivation times 

between 4 and 120 h. 

SEM images of biofilm samples of P. aeruginosa, S. epidermidis, and C. albicans can be 

seen in Figure 4.32, 4.33 and 4.34. It was clearly seen that the microorganisms not only 

proliferated on the surface, but also they embedded between the fibers. The accumulation 

of the biofilm formation was also demonstrated with the images taken in the later 

incubation times. Protein matrix enrichment in all microorganisms was imaged with the 

CLSM as seen in Figure 4.35, 4.36 and 4.37, which supported the data obtained from 

SERS measurements. 
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Figure 4.32. SEM images of P. aeruginosa biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 



74 
 

 

 

Figure 4.33. SEM images of S. epidermidis biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm (a-e, h) and 20 µm (f, g). 
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Figure 4.34. SEM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 20 µm. 
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Figure 4.35. CLSM images of P. aeruginosa biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.36. CLSM images of S. epidermidis biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.37. CLSM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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4.4.4. 3D Glucose-Gelatin Scaffolds 

3D glucose-gelatin scaffolds, such as 3D PMMA substrates used in this thesis work, can 

also absorb the liquid media with their spongy structure. Therefore, the scaffold was 

incubated with SDB, NB and TSB. The experimental conditions are the same as given in 

the part of biofilm formation on 3D PMMA substrates. The determined peaks were both 

attributed to scaffold components glucose and gelatin, and also the ingredients in the 

nutrients in Figure 4.38.  

 

Figure 4.38. SERS spectra of glucose-gelatin scaffolds incubated with SDB, NB and TSB. 

The peak observed at 730 cm-1 can be both attributed to nucleic acids included in gelatin 

and glycosidic ring polysaccharides in liquid media. The peaks at 955 cm-1 and 1324 cm-1 

can both belong to COO- stretching of glucose and also C-N stretching observed at 1128 

cm-1. The other determined peaks are both attributed to nutrients. Phenylalanine, C-C 

stretching, Amide III and CH2/CH3 deformation of lipids were observed at 1003, 1032, 

1245 and 1464 cm-1, respectively [233, 259, 260]. 
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The main purpose of using glucose and gelatin to prepare a scaffold for a biofilm substrate 

was the hypothesis that the microorganisms could use these scaffold ingredients as an 

energy source and also the spongy structure could enhance the adhesion and proliferation 

of microorganisms. Therefore, the objective of using this substrate was to identify the 

metabolic activity changes during the biofilm formation, depending on the nutrient source 

and surface properties.  

SERS spectra of P. aeruginosa biofilm formation is given in Figure 4.39. The bacteria 

were incubated on glucose-gelatin scaffold for 4-120 hours. P. aeruginosa expresses 

gelatinase enzyme [270], thus hydrolyzed the scaffold after 12 h incubation. The SERS 

spectra of biofilm samples were performed from the sticky biofilm sample of P. 

aeruginosa after 12 h. The biofilm samples after 12 h incubation were mixed with 

4×AgNPs one-to-one, followed by dropping 2 µl of suspension on CaF2 substrate. The 

droplet was incubated until dry. At 8 and 12 h incubation, protein expression increased 

significantly, in correlation with the gelatinase enzyme expression, which was observed 

with an intensity increase at Amide III peaks at 1211, 1245, 1269 cm-1 and at Amide I 

peaks at 1602 and 1622 cm-1. Pyocyanin synthesis was also observed clearly at the peaks 

1162 and 1355 cm-1 after 8 h incubation. A COO- stretching of a carbohydrate peak 

appeared after 8 h incubation at 1369 cm-1 with the adhesion, adaptation and proliferation 

of the bacteria on the scaffold surface in the early phase of biofilm formation. The first 

spectrum after the whole scaffold was hydrolyzed was obtained at 24 h incubation time. 

The critical incubation time for biofilm formation can be defined as 48 h due to the 

changes of spectral pattern significantly at this time point. An increase in protein synthesis 

was determined at 48 h with the peaks of tyrosine, Amide III, Amide II and Amide I 

observed at 814, 1211, 1245, 1269, 1283, 1559, 1602 and 1622 cm-1. The intensities of the 

peaks attributed to lipids at 1461 and 1486 cm-1 and pyocyanin at 1355 cm-1 also increased 

after 48 h incubation with the maturation of the biofilm. Referring to the literature, the 

increase in the lipid synthesis was expected in a mature P. aeruginosa biofilm, rhamnolipid 

synthesis was reported, which enhances the formation of the sticky mushroom shape [58, 

59]. 
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Figure 4.39. SERS spectra of P. aeruginosa biofilm formation at different cultivation times 

between 4 and 120 h. 

Figure 4.40 shows the SERS spectra of S. epidermidis biofilm formation on 3D glucose-

gelatin scaffold at incubation times between 4-120 h. The adaptation process of S. 

epidermidis on a host surface is slower than P. aeruginosa. In addition, S. epidermidis 

cannot express gelatinase enzyme to hydrolyze gelatin base scaffold, which explains the 

slow rate of metabolic process. Carbohydrates and matrix proteins are responsible for 

initial attachment and regulation of biofilm formation in biofilm mechanism of the bacteria 

[75-77]. The peaks at 1061 and 1103 cm-1 attributed to C-O, C-C stretching and C-N 

stretching of proteins, and the peaks at 853, 889 and 922 cm-1 belonging to tyrosine and 

carbohydrates, respectively. According to the spectral changes, the carbohydrate synthesis 

of S. epidermidis started after 24 h incubation and increased significantly at 96 h 

incubation. In addition, protein synthesis started after 96 h incubation as the carbohydrate 

mechanism. The Amide II and Amide I peaks at 1572 and 1605 cm-1 appeared in this 

incubation period.  
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Figure 4.40. SERS spectra of S. epidermidis biofilm formation at different cultivation 

times between 4 and 120 h. 

The metabolic activity process of C. albicans can be evaluated based on the spectral 

changes on the SERS spectra in Figure 4.41. Compared to the other two microorganisms 

used in this thesis work, a highly significant spectral change was observed at 48 h 

incubation. The whole pattern was effected by the metabolic change with the proliferation 

on glucose-gelatin scaffold. The sharp decrease in the intensity of DNA fragments at 730 

cm-1 was observed with the appearance of carbohydrate, protein and lipid peaks. Expressed 

polymeric substances block the interaction of DNA fragments with the AgNPs added on 

the surface. The formation of polymeric shell with the maturation phase could be 

demonstrated with the peaks at 852, 884, 918 and 1505 cm-1 belonging to carbohydrates, 

the peaks at 1450 and 1462 cm-1 attributed to lipids and most importantly the Amide I peak 

observed at 1610 cm-1. In addition, although C. albicans has ability to express gelatinase 

enzyme, it is not as effective as P. aeruginosa to hydrolyze the substrate that the scaffold 

preserved its architecture during 120 h incubation. 
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Figure 4.41. SERS spectra of C. albicans biofilm formation at different cultivation times 

between 4 and 120 h. 

The SEM images of biofilm formation of P. aeruginosa, S. epidermidis and C. albicans are 

given in Figure 4.42, 4.43 and 4.44. The scaffold structure could be observed between 4-12 

h incubation for P. aeruginosa before being hydrolyzed. The proliferation of the bacteria 

was not only observed on the surface of the scaffold but also inside the structure as seen in 

the SEM images. After 12 h incubation, the scaffold was totally hydrolyzed and the sticky 

smooth biofilm including bacteria colonies could be observed significantly. Biofilm 

regulation of S. epidermidis could be clarified clearly with increasing incubation time as 

seen in Figure 4.43. At incubation times 96 and 120 h, the bacterial assembly coated with a 

transparent polymeric shell could be observed on all over the surface, which were 

consistent with the SERS measurements. Biofilm formation of C. albicans is given in 

Figure 4.44. The yeast cells formed mushroom shape with the increasing incubation time, 

and they were buried in the scaffold surface. 
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Biofilm samples of P. aeruginosa, S. epidermidis and C. albicans were also characterized 

with CLSM as seen in Figure 4.45, 4.46 and 4.47. Formation of microorganism aggregates 

and a significant increase in protein expression, which coated the cells were monitored at 

increasing incubation time.  
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Figure 4.42. SEM images of P. aeruginosa biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 2 µm (a-c) and 10 µm (d-h). 

 



86 
 

 

 

Figure 4.43. SEM images of S. epidermidis biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.44. SEM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.45. CLSM images of P. aeruginosa biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.46. CLSM images of S. epidermidis biofilm formation at different cultivation 

times between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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Figure 4.47. CLSM images of C. albicans biofilm formation at different cultivation times 

between (a-h) 4 and 120 h. Scale bars are 10 µm. 
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4.5. MULTI-SPECIES BIOFILM FORMATION 

Biofilms can be formed both by a single-species or a multi-species of bacteria and yeast 

[271]. The biofilm can consist of several different species of microorganisms in both 

medical devices and water pipes in industry, which increases the importance of evaluating 

the metabolic activities of microorganisms at molecular level in a multi-species biofilm 

sample. However, there are limited multi-species biofilm studies in the literature [272-

277]. In the scope of this thesis work, the single-species metabolic activities of P. 

aeruginosa, S. epidermidis and C. albicans were also compared with their mixture form, 

followed by the possible discrimination of the dominant species in the biofilm matrix with 

SERS. To do this, both species were inoculated in a nutrient agar plate at the same time 

and were incubated for 48 h. After the incubation time ended, 10 µl AgNPs were dropped 

on the agar plate and waited until the droplet got dried to move on to obtain the SERS 

spectra. The SERS spectrum of the multi-species biofilm is given in Figure 4.48 with 

comparison of the single-species of microorganisms on agar plates incubated for 48 h. It 

was clearly observed from the spectra that P. aeruginosa was the dominant species in the 

mixture and inhibited proliferation of S. epidermidis and C. albicans significantly. The 

spectral pattern of P. aeruginosa and multi-species biofilm was exactly the same that all 

the peaks overlapped. Therefore, from the obtained SERS spectra, it could be said that the 

winner of this competition was P. aeruginosa. Also, the SEM and CLSM images 

supported the SERS data that the only species observed in the images was P. aeruginosa 

(Figure 4.49). The inhibition of C. albicans by P. aeruginosa was first demonstrated by 

Kerr et. al in 1994 [275]. Also, the antifungal effect of P. aeruginosa was noticed in 

several studies [276, 277]. In a study published by Bandara et. al, a significant inhibition of 

C. albicans was reported and interestingly it was also demonstrated that C. albicans had an 

effect to slow down the proliferation of P. aeruginosa [273]. Indeed, the inhibition effect 

of the other microorganisms on biofilm formation of P. aeruginosa could be clearly seen in 

the obtained results, when the SEM images obtained from agar plates at 48 h incubation 

time from the single-species P. aeruginosa and multi-species biofilm were compared 

(Figure 4.12e and 4.49a). The thickness of the biofilm decreased dramatically and in multi-

species biofilm sample P. aeruginosa cells could be imaged individually, whereas in a 

single-species biofilm we could only observed the slime biofilm shell at 48 h incubation. 

The thickness of the P. aeruginosa biofilm on an agar plate at 48 h determined 14.43 µm 
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(Figure 4.15e) but the thickness of a multi-species biofilm found 1.92 µm (Figure 4.49b). 

In another study, Adam et. al showed that in a multi-species biofilm of C. albicans and S. 

epidermidis, the polymeric matrix produced by S. epidermidis prevent the antifungal drugs 

activity on C. albicans and on the other hand C. albicans supported S. epidermidis through 

fighting against vancomycin, where they showed a mutualist life form [272]. However, a 

multi-species biofilm is an environment where microorganisms shows a struggle of 

survival. They compete to be the winner and the most aggressive species secrete virulence 

factors to kill the other species as P. aeruginosa always do [273, 274]. In addition, 

signaling molecules are the main players in this competition. N-acyl homoserine lactone 

autoinducers provide the intra-cellular communications [278]. 

 

Figure 4.48. SERS spectra of multi-species, P. aeruginosa, S. epidermidis and C. albicans 

biofilm on agar plates at 48 h incubation time. 
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Figure 4.49. SEM and CLSM images of the multi-species biofilm. Scale bars are 10 µm. 
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4.6. DISCRIMINATION OF MICROORGANISMS IN A BIOFILM STRUCTURE 

PCA is a multivariate analysis method used to identify the principal components (PCs) 

responsible for the discrimination of the datasets based on the variations between the 

spectral data of the different species. Further in this thesis work, the discrimination 

between the biofilms formed by the studied microorganisms was demonstrated based on 

their main metabolic activity changes during their biofilm formation process with SERS. 

Figure 4.50, 4.51, 4.52 and 4.53 show PCA plots and PCs of the SERS spectra obtained 

from biofilms of P. aeruginosa, S. epidermidis and C. albicans on agar plates, 2D and 3D 

PMMA substrates and 3D glucose-gelatin scaffolds at different incubation times between 4 

h and 120 h, respectively. The PCA plots in Figure 4.50-4.53 showed that the 

microorganisms could be differentiated significantly especially in maturation phases of 

biofilm formation because their unique metabolic activities could be observed clearly with 

the accumulation of molecular process.  

The loadings of the PCs show the spectral variabilities at molecular level as seen in Figure 

4.50-4.53. The negative and positive loadings showed the differentiation of three model 

microorganisms in PCA plots. The PCs of biofilm formation of the model microorganisms 

on agar plates used the 52.35, 21.52 and 10.35 per cent of the data as seen in Figure 4.50. 

PC 1, PC 2 and PC 3 had the peaks belonging to nucleic acids (730, 794, 1485, 1517 cm-1), 

amino acids (809, 858 and 1003 cm-1), carbohydrates (909, 919,956, 1129, 1169, 1396 cm-

1), proteins (1127, 1241, 1250, 1253, 1283, 1288, 1582, 1610 cm-1), lipids (1451 cm-1) and 

pyocyanin (1088 and 1355 cm-1).  

The PCs of biofilm formation of the microorganisms on 2D PMMA substrates represented 

the variations of 51.42, 23.14 and 9.17 per cent from the present data as shown in Figure 

4.51. The bands of nucleic acids (730, 794 and 1489 cm-1), amino acids (837 and 1003 cm-

1), carbohydrates (1046, 1103, 1327, 1329 and 1405 cm-1), proteins (1561 and 1622 cm-1) 

and pyocyanin (1160 and 1355 cm-1) were observed on the loadings of PC 1, PC 2 and PC 

3.   

The PC loadings of biofilm formation on 3D PMMA substrates represented the 37.17, 

28.83 and 11.05 per cent of the dataset is given in Figure 4.52. The identified bands were 

the nucleic acids (730, 791, 1485 and 1526 cm-1), carbohydrates (907, 1398 and 1412 cm-
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1), proteins (1230, 1253, 1259, 1282, 1595 and 1613 cm-1) and pyocyanin (1172 and 1355 

cm-1). 

The PCs of the biofilm formation on 3D glucose-gelatin scaffolds used the 63.57, 26.38 

and 3.93 per cent of the dataset showed in Figure 4.53. The bands of nucleic acids (730 

and 1489 cm-1), amino acids (810 and 839 cm-1), carbohydrates (891, 942, 1139, 1166 and 

1405 cm-1), proteins (1253, 1270, 1561 and 1618 cm-1) and pyocyanin (1086, 1162 and 

1355 cm-1) were identified. 

It can be concluded that, nucleic acids, amino acids, carbohydrates, proteins and lipids are 

the main discriminant components for the P. aeruginosa, S. epidermidis and C. albicans. 

The main important output of the PCA results was that pyocyanin can be used as a 

discrimination component for P. aeruginosa, which can provide a sufficient separation of 

the bacteria from the other species in a heterogenic biofilm structure. 

 

Figure 4.50. PCA plot and PCs of biofilm formation on agar plates.  

 

Figure 4.51. PCA plot and PCs of biofilm formation on 2D PMMA substrates. 
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Figure 4.52. PCA plot and PCs of biofilm formation on 3D PMMA substrates. 

 

Figure 4.53. PCA plot and PCs of biofilm formation on 3D glucose-gelatin scaffolds. 

To discriminate the biofilms of three model microorganisms on different substrates, 

significant PCs were used for the LDA model. Two-dimensional scatter plots of the two 

linear discriminant functions (function 1 (F1) and function 2 (F2)) based on the PC-LDA 

model are given in Figure 4.54 a-d shows the classification of P. aeruginosa, S. 

epidermidis and C. albicans in three different groups. The 100 per cent of the original 

grouped cases correctly classified on agar plates, 2D and 3D PMMA substrates, while 79.2 

per cent original grouped cases classified on 3D glucose-gelatin scaffolds. The biofilm 

samples of C. albicans at the time points between 4-48 h were found around the group 

centroid of S. epidermidis, which decreased the sensitivity of the classification on glucose-

gelatin scaffolds. 
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Figure 4.54. PC-LDA plots of C. albicans, P. aeruginosa and S. epidermidis (a) on agar 

plates, (b) 2D PMMA substrates, (c) 3D PMMA substrates and (d) 3D glucose-gelatin 

scaffolds. 

4.7. REPRODUCIBILITY OF SERS MEASUREMENTS 

Spectral reproducibility is a major problem in SERS measurements due to heterogenic 

structure of biological systems coupled with chaotic distribution of AgNPs over a biofilm. 

In order to understand the degree of reproducibility of the spectra obtained from the 

mapped areas on the studied biofilms, CV of the spectra obtained from different mapped 

areas on the same sample (spot-to-spot) and different samples (sample-to-sample) with 

increasing incubation times of each microorganism were calculated on agar plates, 2D and 
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3D PMMA substrates and 3D glucose-gelatin scaffolds. An average of 36 spectra from 

each mapped area was used to calculate the spot-to-spot reproducibility, and the average 

spectra from each of three-mapped area were used to calculate the sample-to-sample 

reproducibility. The results of reproducibility study are provided in Table 4.2-4.13 for each 

microorganism on four different substrates, respectively. Although inconsistency was 

observed in CV values of some sample sets, we can say that in general, the CV values for 

sample-to-sample are relatively higher than the CV values for the spot-to-spot. 

Furthermore, there is no observed correlation with incubation times and CV values. This 

suggests that the CV mainly depends on the distribution of AgNPs on the droplet area, 

which are responsible for their interaction with components expressed by microorganisms 

during biofilm formation. 

Table 4.2. CV values of SERS measurements of P. aeruginosa on agar plates. 

 

 
P.aeruginosa 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st 

 spot 
2nd 

spot 
3rd  

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 35.54 
 

36.55 
 

36.78 
 

23.51 
 

30.58 
 

43.85 
 

31.74 
 

17.67 
 

39.98 
 

36.62 
 

36.88 
 

13.20 
 

42.06 
 

8 h 35.75 
 

41.25 
 

44.55 
 

24.04 
 

34.46 
 

32.14 
 

29.97 
 

20.69 
 

43.67 
 

40.01 
 

42.56 
 

15.24 
 

36.64 
 

12 h 30.61 
 

42.68 
 

46.51 
 

14.89 
 

32.59 
 

32.72 
 

34.50 
 

25.15 
 

41.98 
 

43.54 
 

41.13 
 

17.77 
 

40.11 
 

24 h 36.22 
 

36.19 
 

37.42 
 

14.12 
 

34.03 
 

31.98 
 

34.51 
 

10.67 
 

53.38 
 

37.27 
 

32.60 
 

24.21 
 

29.49 
 

48 h 28.64 
 

36.08 
 

31.48 
 

20.25 
 

24.77 
 

33.49 
 

23.98 
 

27.20 
 

28.71 
 

32.13 
 

32.73 
 

22.93 
 

49.53 
 

72 h 28.06 
 

27.06 
 

14.64 
 

95.08 
 

31.84 
 

32.04 
 

25.46 
 

11.67 
 

38.78 
 

30.20 
 

39.40 
 

15.68 
 

41.50 
 

96 h 27.29 
 

27.85 
 

22.19 
 

15.45 
 

23.60 
 

117.81 
 

21.54 
 

30.36 
 

27.81 
 

29.25 
 

33.71 
 

10.57 
 

38.84 
 

120 h 25.41 
 

24.88 
 

26.85 
 

7.53 
 

21.53 
 

26.11 
 

23.24 
 

20.95 
 

25.62 
 

22.10 
 

27.76 
 

19.85 
 

43.14 
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Table 4.3. CV values of SERS measurements of S. epidermidis on agar plates. 

 

 
S.epidermidis 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st 

 spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 32.09 
 

35.55 
 

52.74 
 

14.16 
 

43.57 
 

45.13 
 

41.97 
 

40.97 
 

52.14 
 

51.32 
 

41.89 
 

13.35 
 

30.65 
 

8 h 39.56 
 

46.01 
 

50.41 
 

20.24 
 

51.93 
 

58.53 
 

51.20 
 

38.76 
 

38.66 
 

32.86 
 

51.49 
 

29.44 
 

34.27 
 

12 h 54.52 
 

44.08 
 

53.13 
 

18.71 
 

60.33 
 

37.32 
 

54.03 
 

51.64 
 

56.28 
 

49.24 
 

59.61 
 

25.88 
 

18.51 
 

24 h 42.23 
 

53.72 
 

53.89 
 

29.88 
 

51.90 
 

55.54 
 

55.50 
 

33.97 
 

45.99 
 

51.00 
 

46.27 
 

21.64 
 

22.49 
 

48 h 42.83 
 

50.49 
 

44.64 
 

24.82 
 

72.64 
 

36.94 
 

42.36 
 

77.93 
 

51.33 
 

44.57 
 

39.24 
 

18.33 
 

23.97 
 

72 h 41.07 
 

46.78 
 

48.94 
 

20.33 
 

49.52 
 

35.22 
 

36.06 
 

22.00 
 

46.75 
 

40.71 
 

55.15 
 

14.56 
 

37.09 
 

96 h 45.84 
 

59.92 
 

47.44 
 

29.64 
 

33.58 
 

34.57 
 

32.18 
 

16.27 
 

37.84 
 

45.71 
 

40.51 
 

26.63 
 

38.15 
 

120 h 55.45 
 

46.55 
 

32.65 
 

46.68 
 

51.85 
 

40.53 
 

43.63 
 

17.51 
 

39.59 
 

40.87 
 

48.83 
 

15.18 
 

39.08 
 

 

Table 4.4. CV values of SERS measurements of C. albicans on agar plates. 

 
 
 
 

C.albicans 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

3rd Exp. 

4 h 30.37 
 

33.37 
 

31.86 
 

10.06 
 

38.93 
 

39.15 
 

50.16 
 

22.00 
 

29.38 
 

32.26 
 

36.44 
 

20.69 
 

66.14 
 

8 h 34.23 
 

36.25 
 

31.12 
 

10.08 
 

44.28 
 

49.32 
 

54.03 
 

46.27 
 

29.77 
 

33.48 
 

34.97 
 

23.53 
 

76.81 
 

12 h 35.00 
 

29.48 
 

40.71 
 

23.31 
 

43.14 
 

57.96 
 

50.23 
 

35.19 
 

30.91 
 

34.92 
 

29.52 
 

28.94 
 

83.85 
 

24 h 33.28 
 

31.27 
 

27.79 
 

21.47 
 

35.02 
 

33.19 
 

26.74 
 

32.77 
 

33.34 
 

31.64 
 

31.00 
 

10.18 
 

21.93 
 

48 h 29.73 
 

29.26 
 

32.18 
 

6.46 
 

27.17 
 

20.83 
 

26.08 
 

16.10 
 

25.13 
 

31.04 
 

31.68 
 

27.10 
 

35.70 
 

72 h 35.73 
 

29.58 
 

37.65 
 

9.21 
 

42.37 
 

47.25 
 

46.21 
 

31.78 
 

33.74 
 

35.77 
 

34.97 
 

13.16 
 

20.50 
 

96 h 42.73 
 

45.22 
 

36.36 
 

14.34 
 

36.15 
 

35.43 
 

34.97 
 

12.43 
 

30.10 
 

33.43 
 

44.29 
 

29.18 
 

35.19 
 

120 h 39.60 
 

38.90 
 

36.80 
 

19.43 
 

34.50 
 

86.69 
 

48.53 
 

11.93 
 

37.54 
 

32.81 
 

37.67 
 

32.73 
 

33.91 
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Table 4.5. CV values of SERS measurements of P. aeruginosa on 2D PMMA substrates. 

 

 
P.aeruginosa 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

  spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 47.51 
 

45.97 
 

41.33 
 

24.22 
 

36.39 
 

51.43 
 

32.60 
 

14.19 
 

43.49 
 

44.07 
 

44.07 
 

12.52 
 

34.76 
 

8 h 54.11 
 

54.96 
 

36.46 
 

42.27 
 

48.97 
 

56.63 
 

40.52 
 

23.18 
 

37.67 
 

39.87 
 

49.53 
 

25.18 
 

18.38 
 

12 h 37.66 
 

38.86 
 

35.77 
 

14.33 
 

40.26 
 

40.82 
 

41.22 
 

20.79 
 

47.64 
 

42.99 
 

42.71 
 

11.21 
 

56.11 
 

24 h 51.13 
 

51.01 
 

54.51 
 

11.46 
 

69.59 
 

60.54 
 

74.08 
 

24.75 
 

97.57 
 

35.12 
 

39.51 
 

36.55 
 

132.66 
 

48 h 37.43 
 

59.79 
 

46.19 
 

31.81 
 

38.78 
 

36.89 
 

34.93 
 

16.82 
 

56.68 
 

65.82 
 

41.64 
 

40.09 
 

41.66 
 

72 h 67.74 
 

31.23 
 

38.29 
 

33.77 
 

43.74 
 

50.65 
 

69.45 
 

14.31 
 

29.45 
 

46.21 
 

27.98 
 

17.95 
 

28.50 
 

96 h 27.04 
 

41.08 
 

34.00 
 

17.34 
 

55.38 
 

54.92 
 

52.43 
 

17.11 
 

49.34 
 

49.88 
 

86.23 
 

22.67 
 

19.44 
 

120 h 52.32 
 

59.91 
 

25.78 
 

33.07 
 

60.83 
 

52.96 
 

58.28 
 

13.57 
 

52.45 
 

56.80 
 

40.00 
 

41.28 
 

28.02 
 

 

Table 4.6. CV values of SERS measurements of S. epidermidis on 2D PMMA substrates. 

 

 
S.epidermidis 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 38.74 
 

42.64 
 

37.94 
 

8.094 
 

50.85 
 

52.43 
 

18.99 
 

98.02 
 

45.56 
 

46.36 
 

52.29 
 

24.45 
 

62.87 
 

8 h 42.64 
 

42.45 
 

35.87 
 

13.87 
 

40.43 
 

25.32 
 

27.06 
 

20.17 
 

50.22 
 

52.44 
 

52.44 
 

11.43 
 

66.44 
 

12 h 54.38 
 

66.66 
 

62.43 
 

19.46 
 

56.26 
 

54.45 
 

78.84 
 

40.57 
 

46.04 
 

69.34 
 

65.79 
 

31.95 
 

41.36 
 

24 h 66.97 
 

66.10 
 

63.85 
 

33.97 
 

53.78 
 

52.24 
 

65.13 
 

20.28 
 

66.87 
 

53.86 
 

58.27 
 

21.59 
 

22.13 
 

48 h 50.39 
 

54.96 
 

51.79 
 

25.30 
 

58.28 
 

57.26 
 

63.44 
 

25.01 
 

65.38 
 

62.80 
 

60.65 
 

25.24 
 

30.92 
 

72 h 61.08 
 

51.06 
 

58.39 
 

18.48 
 

66.22 
 

47.12 
 

41.19 
 

22.05 
 

53.87 
 

53.12 
 

48.90 
 

20.71 
 

34.74 
 

96 h 68.91 
 

57.227 
 

58.31 
 

14.946 
 

58.648 
 

55.44 
 

57.50 
 

25.70 
 

55.67 
 

54.49 
 

57.73 
 

24.58 
 

24.52 
 

120 h 53.36 
 

46.13 
 

47.24 
 

17.48 
 

56.86 
 

55.69 
 

60.39 
 

20.96 
 

45.47 
 

47.01 
 

58.59 
 

39.10 
 

27.09 
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Table 4.7. CV values of SERS measurements of C. albicans on 2D PMMA substrates. 

 

 
C.albicans 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 31.23 
 

37.43 
 

37.68 
 

10.14 
 

52.05 
 

68.10 
 

67.88 
 

14.20 
 

51.03 
 

31.29 
 

31.57 
 

9.80 
 

34.89 
 

8 h 77.55 
 

75.50 
 

78.07 
 

22.35 
 

46.71 
 

45.66 
 

73.97 
 

24.87 
 

51.93 
 

45.29 
 

34.07 
 

30.36 
 

25.73 
 

12 h 43.73 
 

39.67 
 

53.26 
 

46.70 
 

53.02 
 

38.52 
 

36.51 
 

15.12 
 

49.07 
 

47.13 
 

47.23 
 

42.97 
 

35.04 
 

24 h 66.71 
 

62.33 
 

43.70 
 

28.96 
 

44.08 
 

64.58 
 

59.83 
 

29.78 
 

51.42 
 

39.59 
 

40.21 
 

51.55 
 

28.57 
 

48 h 42.19 
 

40.72 
 

38.99 
 

38.35 
 

60.61 
 

40.01 
 

41.14 
 

18.05 
 

53.21 
 

68.39 
 

56.38 
 

44.25 
 

25.50 
 

72 h 40.51 
 

40.82 
 

28.47 
 

32.78 
 

57.22 
 

47.34 
 

56.07 
 

29.07 
 

37.54 
 

48.43 
 

58.92 
 

26.07 
 

29.64 
 

96 h 61.44 
 

50.49 
 

55.22 
 

30.95 
 

40.98 
 

38.59 
 

50.49 
 

26.32 
 

56.97 
 

62.12 
 

40.65 
 

22.82 
 

27.68 
 

120 h 46.55 
 

50.34 
 

62.66 
 

41.86 
 

45.06 
 

49.45 
 

37.32 
 

27.62 
 

56.62 
 

50.71 
 

57.47 
 

22.82 
 

41.57 
 

 

Table 4.8. CV values of SERS measurements of P. aeruginosa on 3D PMMA substrates. 

 

 
P.aeruginosa 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 30.64 
 

16.72 
 

12.87 
 

22.36 
 

34.06 
 

32.38 
 

32.40 
 

31.04 
 

29.63 
 

30.58 
 

39.00 
 

25.13 
 

100.36 
 

8 h 58.66 
 

40.26 
 

42.98 
 

33.76 
 

40.69 
 

37.58 
 

38.42 
 

8.39 
 

33.96 
 

33.32 
 

34.21 
 

36.22 
 

22.59 
 

12 h 29.25 
 

34.74 
 

70.54 
 

49.66 
 

50.60 
 

37.80 
 

52.18 
 

25.83 
 

37.31 
 

37.98 
 

41.59 
 

21.50 
 

22.27 
 

24 h 38.45 
 

38.13 
 

36.75 
 

13.38 
 

36.91 
 

35.76 
 

37.66 
 

12.50 
 

41.40 
 

38.26 
 

39.10 
 

19.13 
 

17.44 
 

48 h 35.03 
 

38.87 
 

52.14 
 

31.43 
 

39.58 
 

38.33 
 

37.96 
 

12.00 
 

36.57 
 

38.35 
 

46.53 
 

12.30 
 

16.03 
 

72 h 60.87 
 

46.79 
 

59.38 
 

10.72 
 

58.29 
 

42.88 
 

39.23 
 

46.87 
 

49.53 
 

76.79 
 

44.00 
 

51.08 
 

27.27 
 

96 h 36.36 
 

66.62 
 

37.12 
 

37.95 
 

35.41 
 

79.36 
 

41.19 
 

28.82 
 

52.42 
 

36.89 
 

39.50 
 

18.77 
 

22.29 
 

120 h 74.11 
 

38.20 
 

68.23 
 

43.57 
 

53.73 
 

77.17 
 

65.05 
 

19.93 
 

38.54 
 

36.96 
 

46.10 
 

19.57 
 

31.58 
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Table 4.9. CV values of SERS measurements of S. epidermidis on 3D PMMA substrates. 

 

 
S.epidermidis 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st 

spot 
2nd 

spot 
3rd 

spot 

Avg. 
1st 

Exp. 

1st 

spot 
2nd 

spot 
3rd 

spot 

Avg. 
2nd 

Exp. 

1st 
spot 

2nd 
spot 

3rd 
spot 

Avg. 
3rd 

Exp. 

4 h 33.18 
 

38.39 
 

33.50 
 

16.73 
 

28.80 
 

88.58 
 

29.61 
 

31.42 
 

40.58 
 

35.02 
 

36.63 
 

25.12 
 

39.04 
 

8 h 52.20 
 

58.94 
 

52.70 
 

23.08 
 

40.86 
 

39.95 
 

38.35 
 

11.98 
 

38.51 
 

36.18 
 

38.34 
 

14.76 
 

27.77 
 

12 h 59.93 
 

36.13 
 

37.05 
 

29.15 
 

32.79 
 

35.52 
 

12.20 
 

67.97 
 

38.70 
 

80.77 
 

58.61 
 

27.62 
 

44.07 
 

24 h 34.75 
 

36.75 
 

35.60 
 

49.28 
 

54.25 
 

53.08 
 

35.90 
 

24.86 
 

54.76 
 

56.80 
 

59.82 
 

27.13 
 

21.59 
 

48 h 40.09 
 

51.11 
 

36.08 
 

23.22 
 

38.22 
 

57.34 
 

63.75 
 

28.14 
 

67.81 
 

57.26 
 

51.53 
 

29.82 
 

33.10 
 

72 h 37.45 
 

39.07 
 

38.56 
 

28.21 
 

59.45 
 

55.47 
 

59.12 
 

46.84 
 

105.17 
 

58.47 
 

53.73 
 

16.88 
 

30.73 
 

96 h 38.52 
 

35.99 
 

42.93 
 

35.82 
 

35.91 
 

52.65 
 

33.52 
 

18.02 
 

42.44 
 

71.41 
 

37.84 
 

48.82 
 

26.80 
 

120 h 70.26 
 

58.01 
 

37.76 
 

45.72 
 

89.89 
 

78.09 
 

78.83 
 

10.42 
 

80.19 
 

57.51 
 

48.26 
 

24.26 
 

12.88 
 

 

Table 4.10. CV values of SERS measurements of C. albicans on 3D PMMA substrates. 

 

 
C.albicans 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 32.11 
 

33.75 
 

35.88 
 

23.22 
 

35.17 
 

35.48 
 

34.91 
 

6.816 
 

43.70 
 

56.92 
 

26.18 
 

23.71 
 

84.60 
 

8 h 30.28 
 

43.34 
 

28.11 
 

22.93 
 

39.65 
 

34.43 
 

47.84 
 

16.64 
 

37.77 
 

29.98 
 

31.13 
 

34.76 
 

61.95 
 

12 h 46.43 
 

53.23 
 

31.99 
 

15.79 
 

38.12 
 

34.15 
 

31.43 
 

16.14 
 

33.93 
 

48.31 
 

31.52 
 

14.49 
 

72.79 
 

24 h 37.79 
 

38.27 
 

32.14 
 

19.90 
 

41.64 
 

32.93 
 

34.68 
 

95.25 
 

46.15 
 

46.72 
 

48.13 
 

15.43 
 

56.86 
 

48 h 31.92 
 

42.38 
 

37.43 
 

32.09 
 

38.01 
 

36.52 
 

30.96 
 

25.30 
 

40.89 
 

30.99 
 

32.49 
 

12.85 
 

20.97 
 

72 h 42.92 
 

36.25 
 

35.37 
 

31.30 
 

48.35 
 

40.03 
 

51.99 
 

23.43 
 

35.73 
 

34.56 
 

35.04 
 

27.49 
 

40.90 
 

96 h 60.47 
 

28.06 
 

44.30 
 

62.30 
 

37.48 
 

43.17 
 

36.95 
 

6.14 
 

36.56 
 

36.15 
 

57.43 
 

33.81 
 

62.30 
 

120 h 35.99 
 

43.87 
 

35.21 
 

8.23 
 

37.48 
 

37.44 
 

35.59 
 

22.11 
 

46.56 
 

45.76 
 

57.68 
 

19.02 
 

20.87 
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Table 4.11. CV values of SERS measurements of P. aeruginosa on 3D glucose-gelatin 

scaffolds. 

 

 
P.aeruginosa 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd 

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Average 
3rd Exp. 

4 h 35.41 34.55 35.19 6.67 43.49 33.77 35.05 15.66 38.96 40.29 44.35 36.15 21.00 

8 h 32.89 32.86 32.78 7.14 36.21 38.59 35.69 15.10 37.25 34.75 35.27 6.52 11.83 

12 h 35.68 35.87 34.39 7.86 34.47 33.39 33.26 7.35 32.70 34.59 34.59 7.52 7.86 

24 h 45.98 31.79 55.98 40.68 29.77 27.32 38.22 31.18 20.68 43.24 33.19 23.04 18.45 

48 h 24.58 24.16 29.56 19.94 24.73 26.45 26.80 19.02 23.95 28.87 24.55 15.93 10.08 

72 h 28.51 30.27 30.67 18.11 30.62 30.48 31.48 15.95 33.29 32.14 28.17 14.92 16.90 

96 h 31.38 31.56 31.33 17.14 29.99 32.50 33.10 17.49 33.12 30.62 34.78 15.82 17.76 

120 h 38.60 30.21 31.92 28.96 30.75 32.28 32.26 22.77 32.42 35.02 30.57 20.51 15.46 

 

Table 4.12. CV values of SERS measurements of S. epidermidis on 3D glucose-gelatin 

scaffolds. 

 
 
 
 
S.epidermidis 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

3rd Exp. 

4 h 44.10 48.24 36.55 10.79 38.69 45.80 46.18 23.83 38.28 40.13 77.42 19.23 34.38 

8 h 40.74 35.79 36.67 9.55 32.01 29.12 32.55 20.01 61.26 28.38 29.43 18.86 21.57 

12 h 39.19 40.36 37.82 54.02 43.89 28.74 45.60 53.65 38.30 44.75 34.60 30.63 40.62 

24 h 53.01 38.40 39.30 51.69 33.74 35.09 42.22 18.77 33.07 39.42 39.14 49.72 23.08 

48 h 60.55 42.67 42.17 55.59 33.24 58.69 31.40 71.30 29.93 50.61 49.64 61.24 46.95 

72 h 43.64 35.63 38.03 18.53 39.98 40.04 35.81 29.91 48.07 35.72 38.11 32.38 76.36 

96 h 40.44 57.27 35.98 18.02 47.19 39.67 37.46 27.78 38.27 43.80 40.42 37.19 29.69 

120 h 34.66 31.09 37.10 15.04 63.46 55.86 41.63 13.98 45.48 52.33 38.49 22.99 79.77 
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Table 4.13. CV values of SERS measurements of C. albicans on 3D glucose-gelatin 

scaffolds. 

 

 
C.albicans 

1st Experiment 2nd Experiment 3rd Experiment 
 

Total 
Avg. 

 
1st 

 spot 
2nd 

spot 
3rd  

spot 
Avg. 

1st Exp. 
1st  

spot 
2nd 

spot 
3rd  

spot 
Avg. 

2nd Exp. 
1st 

spot 
2nd 

spot 
3rd 

spot 
Avg. 

3rd Exp. 

4 h 36.19 34.93 36.36 132.87 50.34 37.47 36.28 58.09 30.55 34.72 35.94 33.40 144.98 

8 h 43.37 32.73 34.78 57.09 31.14 30.58 33.27 27.72 35.14 35.03 33.44 8.78 63.88 

12 h 44.34 47.95 36.67 30.83 33.41 57.74 54.29 28.92 43.60 40.14 43.85 37.16 50.99 

24 h 53.35 41.76 43.59 38.07 38.36 49.36 62.29 65.35 51.60 47.19 43.13 39.46 17.06 

48 h 42.60 37.32 33.72 19.53 56.53 36.01 48.04 13.53 42.67 49.78 41.68 19.88 48.86 

72 h 35.19 34.67 36.95 6.03 35.65 35.46 34.48 6.93 48.89 45.32 35.42 40.96 22.09 

96 h 57.28 42.21 36.11 20.54 39.82 35.10 47.34 9.32 32.94 36.69 38.52 14.10 33.42 

120 h 34.22 33.25 34.87 6.62 35.15 41.17 32.41 33.03 36.82 41.74 34.68 15.69 26.95 
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5. CONCLUSIONS AND OUTLOOK 
 

Biofilm formation monitoring and discrimination of clinically relevant microorganisms P. 

aeruginosa, S. epidermidis and C. albicans on different host surfaces from 4 to 120 h 

incubation times were studied using SERS in this thesis. The model microorganisms were 

grown under four different conditions, on an agar plate, on 2D and 3D polymeric 

substrates used for construction of medical devices, and a 3D scaffold built from glucose-

gelatin mixture. On an agar plate, the microorganisms can freely grow and multiply under 

almost no stress conditions. On 2D and 3D polymeric surfaces, they are under stress due to 

scarce amount of nutrients but on a 3D polymeric surface the fibrous structure can enhance 

proliferation of microorganisms. On a 3D scaffold built from glucose and gelatin, the 

scaffold components can be used as nutrients but the surface structure can cause stress on 

them. Thus, the metabolic activity of microorganisms is expected to be varied and these 

variations reflected on the SERS spectra. The obtained spectral data can be both used for 

biofilm formation monitoring and discrimination of formed biofilms to identify the biofilm 

forming microorganism.  

Agar plates were used as a substrate to evaluate the metabolic activities of microorganisms 

on their natural conditions. From the spectral analysis; P. aeruginosa was found to be the 

most metabolically active microorganism that its spectral pattern changed significantly 

after 24 h incubation. Protein synthesis was increased significantly with increasing 

incubation time and also pyocyanin expression was identified after 8 h incubation, which 

can be assigned as a biomarker for P. aeruginosa [250]. The biofilm formation process of 

S. epidermidis was slower compared to P. aeruginosa, such that a slight increase in 

concentration of proteins and lipids were observed after 48 h incubation. C. albicans 

behaved differently from the other bacteria during biofilm production. The time points of 

24 and 48 h were distinct, when carbohydrate, protein and lipid synthesis increased and 

provided a unique spectral pattern.  

Biofilm formation on 2D PMMA substrates altered the metabolic activity processes of 

microorganisms as a result of hydrophobic polymeric host surface. In general, 

microorganisms tend to attach themselves onto hydrophobic surfaces [149, 153]. P. 

aeruginosa produced sticky polymeric shell after 72 h on PMMA substrate. The sticky 
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shell covered the whole cells, thus the intensity of the peak attributed purine bases 

decreased significantly at this time point. High levels of carbohydrate, protein and 

pyocyanin synthesis were also observed with the maturation of P. aeruginosa biofilm. 

Although biofilm formation of S. epidermidis occurred at 96 h on the hydrophobic host 

surface, a significant polymeric carbohydrate and protein synthesis could be observed. For 

C. albicans, polysaccharides and eDNA were determined as the main ingredients of the 

mature biofilm.  

Rough surface can enhance the adhesion of microorganisms through providing a large 

surface area. The prepared fibrous 3D PMMA substrates facilitated the adhesion and 

accelerated formation of EPS for all three model microorganisms. The non-smooth surface 

of the substrate caused irregular fluctuations from time point to time point in P. aeruginosa 

biofilm. Nevertheless, EPS production could be identified after 72 h incubation. 

Furthermore, the fibrous structure enhanced the adhesion of S. epidermidis compared to 

the 2D flat polymeric substrate. The microorganisms entered early maturation phase within 

24 h incubation on 2D surfaces. The PMMA surface increased the adaptation period of C. 

albicans compared to the agar plates. The microorganisms entered the maturation phase at 

48 and 72 h on polymeric substrates, whereas on agar plates the main spectral pattern 

change was observed at 24 h. On the other hand, when the 2D and 3D PMMA substrates 

were compared among themselves; the fibrous structure enhanced the assembly of 

microorganisms and enriched the biofilm structure. Based on these findings, it is found that 

smooth polymeric surfaces decrease the biofilm formation rate of microorganisms 

significantly. Normally polymeric medical implants have smooth surfaces but their surface 

topography changes and become porous due to degradation of these devices in human 

body. The stability of polymeric devices in human body has to be consider to prevent 

alterations on polymeric surfaces and decrease the biofilm formation. It was also find out 

that P. aeruginosa and C. albicans have tendency to form biofilm on both 2D and 3D 

polymeric surfaces while S. epidermidis slowed down its metabolic activity and did not 

proliferate very effectively.  

3D glucose-gelatin scaffold was prepared as a representative host surface that could be 

used as an energy source by microorganisms in the environment. Because P. aeruginosa 

and C. albicans can express gelatinase enzyme, they used the scaffold as an energy source, 

which altered their metabolic activities. As a very aggressive species, P. aeruginosa 
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digested all the scaffold in 24 h incubation and increased the expression of protein, lipid 

and pyocyanin remarkably with increasing incubation time. C. albicans could not use the 

scaffold as efficient as P. aeruginosa but the scaffold also helped to diversify the content 

of the biofilm structure as nutrient source. Different from these two microorganisms, S. 

epidermidis showed a slow adaptation process that only carbohydrate and protein synthesis 

was observed after 96 h incubation. 

One of the main objectives of this study was to discriminate the different microorganisms 

from the SERS spectral data combined with PC-LDA multivariate statistical analysis. With 

this aim, the effective PCs were determined, which showed fluctuations in intensities of 

nucleic acids, amino acids, carbohydrates, proteins and lipids for all microorganisms and 

significantly pyocyanin was identified as a unique spectral signature for P. aeruginosa. 

From the thorough analysis with PC-LDA, three model microorganisms could be 

discriminated successfully on both substrates based on their distinct spectral profiles.  

It may be thought that discriminating the microorganism biofilms inoculated on different 

substrates separately can be relatively easy but in a multi-species biofilm that is more 

relevant to the clinical cases can be challenging. For this, a multi-species biofilm sample 

was prepared and examined on an agar plate. The evaluation of the SERS spectral data 

revealed that the surviving species in the complex biofilm was P. aeruginosa, which was 

also verified with other microscopic techniques. As an aggressive species, P. aeruginosa, 

suppressed the proliferation of S. epidermidis and C. albicans in 48 h incubation and 

became the dominant species in the biofilm.  

This study is an exploratory in nature to exploit the full potential of SERS. The band 

assignments on the SERS spectra were made from the previous studies reported in the 

literature and needs conformation to fully understand attributed changes due to that of 

molecular species. Thus, other spectroscopic techniques such as mass spectroscopy to 

identify the EPS components in detail can provide much satisfactory information about the 

metabolic profiles of microorganisms during the process. Furthermore, evaluating the 

biofilm formation using SERS under external conditions such as heat shock and antibiotic 

treatment can provide valuable information for discovery of novel medical treatments. 

This study has also revealed that the host surface and surface structure can play an 

important role as it was found out from the metabolic profiles of the important model 
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microorganisms. In addition, the possibility of using SERS for discrimination of 

microorganisms in heterogenic biofilms was demonstrated indicating the potential of the 

technique for novel applications in clinics.  

This study can be further extended into evaluation of real biofilm samples obtained from 

medical implants. In clinics, the aim is to identify the microorganisms forming the biofilm 

quickly. As this study suggests, SERS is a potential technique for rapid identification of 

the microorganisms forming a biofilm. The simplicity and speed of the technique is the 

real advantage in a clinical setting. The examination of the real biofilm samples from 

several implants with SERS and conventional approaches can really help to explore the 

real potential of the technique.    
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