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1. Introduction and goals 

Polymer materials nowadays are essential parts of everyday life. Hundreds of thousands 

of polymer building blocks – monomers – have been discovered, together with a large number 

of preparation and modification methods, allowing to fabricate polymers with a broad variety 

of sizes, shapes, chemical and physical characteristics. Hydrophilic or hydrophobic, soft or 

hard, bulk or porous, insulating or conducting, light emitting or light absorbing, nano-, micro-, 

or kilometer-sized – polymers allow to fabricate materials with wide spectrum of properties – 

in many cases even from the same monomer. 

In my research, I was focusing on the preparation and laser spectroscopic study of micron-

sized polymeric objects – microparticles for different applications. Polymeric micro- and 

nanoparticle systems are utilized in many different areas such as in drug delivery systems, 

vaccines [1,2], biomedical diagnostics, aerosol research and tracking [3,4], as fillers, reference 

particles in simulation experiments, process troubleshooting, etc. Some tasks require highly 

monodisperse microparticles that are easiest to fabricate from polymeric materials. In addition 

to those inherited from the monomer, the properties of a polymeric structure can strongly be 

influenced and controlled using additives. The incorporation of organic dyes into polymer 

matrices enables the creation of novel and desirable structures for a variety of applications in 

the technology, including life sciences (as biomarkers for biological imaging) [5–9], flow 

devices [10], and biomedical areas [11]. While the traditional organic dyes and fluorescent 

proteins exhibit high photobleaching rate during in vivo or in vitro imaging, making long-term 

imaging difficult due to sample photodamage [12], the incorporation of the fluorescent 

molecule into a host polymer microparticle can be a good strategy for reducing photobleaching 

and photodamage [13]. 

Another promising application of polymeric microparticles is their use as supports for 

surface-enhanced Raman spectroscopy (SERS). Raman spectroscopy is based on the inelastic 

scattering (Raman scattering) of photons by the characteristic vibrations of molecules, crystal 

lattice, and other structural components. This method can be used to investigate a wide variety 

of organic and inorganic, solid, liquid, and gaseous, ordered and disordered materials [14–16]. 

With this technique, no sample preparation is required, and the sample does not deteriorate 

under proper measurement conditions. The Raman signal is inherently weak, but a strong signal 

enhancement can be observed if the analyte molecule is adsorbed on a surface consisting of 

active metal nanostructures like gold and silver. This effect is known as surface-enhanced 
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Raman scattering [17]. SERS is working on metallic nanoparticles or nanostructures in colloidal 

or solid substrate form. Being a promising technique with proven single-molecule detection 

development of efficient SERS agents is targeted by many research projects. In SERS substrate 

development gold coating of nano- or micro-sized morphologies fabricated by lithography 

[18,19], chemical modification of gold and silver, attachment of metallic nanoparticles to 

different substrates [20] are the main development areas. In spite of the huge efforts and 

successful developments, there is still a lack of easy, reproducible, effective and cost-efficient 

preparation methods for SERS substrates. While the group of metals suitable for SERS is 

limited, there are much more possibilities in case of the supports, and polymers could be 

promising materials for that. SERS agents on polymeric supports were fabricated earlier by Cao 

et al. [21] and Chen et al. [22]. Polymeric microparticles have several advantageous properties 

as SERS supports. They can be used to fabricate large-area SERS substrates from dense 

microparticle monolayers or flow-through SERS cells by filling channels with the spheres; as 

single microparticles, they can easily be delivered in fluid or gas streams for remote sensing. 

The exposed parts of the microparticle not covered with the metal can also be functionalized to 

facilitate the attachment to specific sites. 

Several methods are known to produce polymeric microparticles, including 

suspension, emulsion, solvent polymerization [23–25]. The main disadvantage of these 

preparation methods is their dependence on surfactants and stabilizers as basic additives in the 

polymerization in order to maintain the polymer phase in the synthesized solution, reduce the 

accumulation of product particles, prevent adhering to the solution [26,27]. In contrast, gamma 

radiation-initiated precipitation polymerization is a facile method to fabricate polymeric 

microparticles [28]. The activation of the monomers by high-energy radiation requires only the 

monomer and the solvent for the chemical preparation, so the particles can be created without 

any initiator or stabilizer. This easy and relatively simple technique allows to control the shape, 

size, and size uniformity of produced particles through the composition of the monomer 

mixture, irradiation dose, dose rate, and even the reaction time [29]. The wide pool of monomers 

allows to fabricate microparticles of specific surface properties.  

My work was aimed to develop polymeric microparticles for fluorescent imaging and 

surface-enhanced Raman spectroscopic applications. For this, diethylene glycol dimethacrylate 

(DEGDMA) has been selected as a monomer. DEGDMA based polymers are widely used in 

dentistry [30,31], and this biocompatible material was found to be a highly flexible subject for 

polymer synthesis by gamma radiation initiated polymerization [32–34]. While having only a 
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monomer solution, the use of appropriate solvent and concentrations allows to fabricate bulk, 

micro- and microporous, and even DEGDMA-polymer particles. In general, precipitation 

polymerization can be used to obtain monodisperse DEGDMA microspheres. 

My work included the following tasks:   

1. Study the degree of conversion of DEGDMA polymers by Raman spectroscopy with 

different solvents. The monomer solutions of different concentrations were irradiated 

by various doses of gamma radiation, and this research allowed also to study the reaction 

kinetics of the polymerization and to determine its parameters by fitting with the Avrami 

equation. 

2. Optimize the preparation conditions for DEGDMA microparticles obtained by gamma 

radiation-initiated polymerization technique and characterization of the obtained 

microspheres with different methods. 

3. Synthesize fluorescent monodisperse microparticles through incorporation of FITC dye 

into the DEGDMA structure during gamma radiation-induced polymerization 

technique. Characterize the fluorescent microparticles with different methods and test 

their performance. The wide applications of using the fluorescent particles in the 

imaging field motivated me to build light-sheet fluorescent microscopy as part of my 

research and utilize it in imaging of prepared fluorescent microparticles.  

4. Develop a technique to fabricate SERS substrates consisting of DEGDMA 

microparticles decorated with gold nanoparticles. Examine the performance and 

capabilities of the obtained SERS substrates by the detection of biomolecules. 
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2. Scientific background 

The main purpose of this chapter is to provide a basic theoretical background of the 

materials and methods used in this work. It furnishes a scientific introduction to the principles 

and theoretical considerations of photoluminescence and light-sheet fluorescent microscopy, 

Raman spectroscopy, surface-enhanced Raman scattering and gamma radiation-induced 

polymerization as methods used to fabricate and characterize the microparticles used in the 

study. 

The chapter is divided into two main sections related to polymeric microparticles and 

microscopic and spectroscopic techniques used. The first section explains free radical 

polymerization and how to use gamma radiation-induced polymerization as a technique to 

prepare polymeric, fluorescent micro/nanoparticles, and polymeric SERS-active substrates. The 

second section illustrates an overview of the photoluminescence effect, and the origin of light-

sheet microscopy and its developments are given in brief, theoretical approaches describing the 

Raman scattering phenomenon, and followed by an introduction to the principles of the surface-

enhanced Raman scattering effect. 

2.1. Polymeric microparticles 

In my research, diethylene glycol dimethacrylate (DEGDMA) monomer was utilized in 

all experiments. DEGDMA is a member of the vinyl family of polymers, in which carbon–

carbon double bonding is present  (Figure 1) [35], and is one of the commercial materials used 

in dental composites [30]. The polymerization and crosslinking process of the DEGDMA 

monomer that we investigated belong to the radical polymerization reactions. In this case, the 

initial system consists of the monomer and the solvent (and if necessary, the initiator). The rate 

and kinetics of the polymerization and properties of the resulted polymer depend on many 

factors, including the type of solvent, concentration ratios, temperature, etc. [33]. 

 

Figure 1: Chemical structure of diethylene glycol dimethacrylate (DEGDMA) monomer. 
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2.1.1. Free radical polymerization 

Polymerization is divided into two classes according to modern terminology: chain-

growth and step-growth polymerizations. They differ in a number of features: (i) the identities 

of the species that are capable of reacting with one another and (ii) the way in which the 

molecular size of the polymer is affected by the degree of conversion. The stepwise reaction 

between the functional groups of reactants, when pairs of reactants are combined at each step 

to form a longer polymer molecule, is known as step-growth polymerization, more details in 

Ref. [35]. In chain-growth the only chain-extension reaction step is the addition of a monomer 

to a growing chain with an active centre (free radical, etc.). Free radical polymerization is the 

most widely used method of chain-growth polymerization. Several ways are known for carrying 

out this polymerization such as block, suspension, emulsion, solvent polymerization. The 

mechanism of the polymerization reactions is complex, but can be divided into three main steps: 

initiation, chain-growth (propagation) and chain transfer or chain closure (termination) [35,36]. 

The first step is to create a nucleus or a centre capable of initiating active growth. 

Activation can be induced by chemical or physical methods. For chemical initiation, the radicals 

(radical is an atom, molecule, or ion that possesses an unpaired valence electron; the presence 

of unpaired electrons causes radicals to be extremely reactive chemically) are formed from the 

monomers by the influence of other substances in the monomer mixture that decompose 

relatively easily into radical initiators. These substances then undergo some chemical reactions 

with the monomer. Radical formation can be initiated also by physical effects, like heating or 

radiation (UV light, gamma-radiation). Radiation-initiated polymerization in the liquid phase 

most often occurs with a radical mechanism at or above room temperature [35,36]. 

During radiation initiation, the active centers are produced by irradiation. Depending on the 

type of radiation, we can talk about photoinitiated or ionizing radiation initiation. In 

photoinitiated polymerization, the radicals are formed upon the interaction of the monomer 

mixture with photons (most of the time UV light is used). This kind of chain-growth 

polymerization process also involves initiating, propagating, and terminating the reaction. 

Photoinitiated radical polymerization is particularly well suited for monomers containing 

carbon–carbon double bonds, such as methacrylic monomers. Limitations of photoinduced 

polymerization are short penetration depth and length dependency of light absorption, which 

limits the size and shape of the prepared polymer. Another drawback related to the 

polymerization mechanism, the photoinitiator is required for the initiation step [33,35–38]. 
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In contrast, the absorption of high-energy radiation is not selective because the energy of 

the radiation exceeds the energy of chemical bonds by several orders of magnitude. High-energy 

radiation (gamma, electron, and X-ray) produces active centers that are formed with the help of 

fast electrons. These radicals are generated directly on the monomer and solvent, so no initiator 

is required. During the gamma irradiation process, the polymerization can be started at any 

temperature and under any conditions; we have a wide range of monomers and polymers 

(because the energy absorption of the radiation is not selective); the polymerization and 

crosslinking process can be controlled on a wide scale as required. Because the process does 

not require additives (there are no any initiators or catalysts whose residues can contaminate 

the product), a pure product can be easily obtained [39]. 

In the case of gamma or electron irradiation, the R• radicals formed from the molecules of the 

monomer (M) or the solvent (O) can be considered as homogeneously distributed in the first 

approximation (A1) [36,40]: 

M,O 
γ
→ R•,                                                 (A1) 

R• +  M → RM•,                                         (A2) 

RMn
• +  M → RMn+1

•,                              (A3) 

RMn
• + RMn

• →  P.                                   (A4) 

As an initial step in radical polymerization, the R• radical is added to the monomeric molecule 

in reaction (A2), followed by series of additions according to (A3). The growing radical chain 

has a short average life: a chain of more than 1000 units can be formed in 10-2 to 10-3 sec [29]. 

The growing macro radical nucleus is very reactive and several side reactions (branching) can 

occur during the chain reaction. The stopping of the chain-growth, or chain closure termination 

(A4) can take place in several ways: by the interaction of two chain ends, reaction with another 

molecule (solvent, monomer radical) and due to pollution (oxygen). 

In the case of DEGDMA monomer, with the formation of the crosslinked polymer, the system 

in some cases is no longer in a homogeneous phase because the polymer precipitates out of 

solution, so the system becomes heterogeneous. Macro radicals may remain in the polymer that 

precipitates from the mixture, which, depending on the state of the system, self-seal or continue 

to grow upon reaction with the diffused monomer. Crosslinking can result in the formation of 
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pores and networks of different sizes (Figure 2). The purity of the solvent is particularly 

important because contaminants can inhibit polymerization. 

 

Figure 2: Diagram of crosslinked polymer. 

Upon polymerization, the degree of conversion (DC) is one of the key factors used to 

prove the efficiency of the polymerization process. DC is the percentage of monomer which 

was polymerized and is determined by measuring quantities being specific to the monomers 

and the end-product. The simplest method to evaluate the DC is the mass difference, which 

means measuring the weight of the monomer and the weight of the polymer. Beside the mass 

difference method, several spectroscopic and other techniques such as Raman or Fourier 

transform infrared (FTIR) spectroscopy [41], differential thermal analysis (DTA) [42], nuclear 

magnetic resonance (NMR) [43] are used to determine the DC of polymers. Among these, 

Raman spectroscopy was found to be a highly efficient and reliable non-contact method [30,31]. 

Lempel et al. studied DC by using Raman spectroscopy to evaluate the influence of the energy 

of polymerization delivered on the composite material and the applied resin layer thickness on 

these properties by investigating the formation and bonding structure of bulk urethane 

dimethacrylate (UDMA) and triethylene glycol dimethacrylate (TEGDMA) as polymers of 

different porosity [30]. 

The reaction kinetics and the polymerization rate can be determined by fitting the data of 

DC and polymerization time with the Avrami model. The latter describes how materials 

transform from one phase to another (liquid to solid) at a constant temperature. It can precisely 

illustrate the kinetics of crystallization of polymers. The model is commonly utilized generally 

to study changes in the phase of materials and also to provide information on the nucleation 

density and growth process, which can be meaningful in analyses of materials [44,45]. Details 

will be given later, in section 4.1. 
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2.1.2. Gamma radiation-initiated polymerization 

The main advantage of gamma radiation-initiated polymerization method is that the 

radicals are created directly into the monomer (Figue 3), therefore no initiator is required (pure, 

additive-free process). The synthesis can be done at any temperature, a large number of solvents 

can be used, the production time is short, and the prepared polymer can be used immediately. 

Due to the large penetration depth of ionizing radiation the polymer size and shape can be varied 

within a wide range, so the desired application production can be adapted to the area. The 

method is not selective, which is sometimes an advantage, sometimes a disadvantage [34]. 

Gamma-initiated precipitation polymerization technique has been successfully used in the 

past also for the production of monodisperse polymer microspheres and porous polymer. 

The prepared polymer in this method could be bulk or monodisperse [34]. 

 

Figure 3: Diagram of gamma radiation-initiated polymerization. 
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Microspheres were made from DEGDMA monomer in the presence of various organic 

solvents [28,34,46,47]. The polymerization temperature, type of the monomer and solvent, 

irradiation dose and dose rate are parameters that affect the kinetics of polymerization and the 

properties of obtained products [46,47]. The condition for the production of DEGDMA 

microspheres is that the solubility parameter of the solvent used is almost the same as that of 

the monomer, and the viscosity of the solvent should be low. Large spheres (4.8 μm) can be 

produced with low viscosity solvents and longer irradiation times [47]. Alcohols do not promote 

the production of microspheres due to their solubility and viscosity [48]. 

The results obtained in the production of microspheres show the pore size can be changed 

with the irradiation temperature, type of the monomer, solvent and crosslinking compound, their 

concentration, and with dose and dose rate [29,34]. Grasselli et al. [34] synthesized 

monodisperse microspheres and porous polymers with epoxy functionality by radiation 

polymerization. The production of microbeads was also possible with less than 30% monomer 

concentration, while porous polymers were obtained with monomer concentrations between 30-

50%. At higher concentrations, the obtained polymer was a bulk homopolymer. The effect of 

the monomer concentration, dose effect on the polymer structure were also investigated. It was 

found that when a 30 vol% monomer solution is irradiated with doses above 15 kGy (1 Gray 

(Gy) = 1 J/kg = 100 rad), the polymerization was complete. The effect of solvents was most 

pronounced: with alcohols like methanol, ethanol, 2-propanol and butanol – (“macroporous" 

solvents) samples with large pores were formed, while solvents such as acetone, ethyl acetate, 

tetrahydrofuran and ethyl propionate – ("microporous" solvents) monoliths with very small pore 

size were obtained. 

2.1.3. Preparation of fluorescent polymeric microparticles 

Nowadays, due to their wide applications area, polymeric micro- and nanoparticles are 

interesting topics for many researchers. Micro- and nanoparticle systems play a significant role 

in many applications like delivery systems for drugs, vaccines by uploading drugs into 

excipients of polymer to improve the influences of the drug or for the treatment of disease, here 

the regulator particle diameter is an important variable that can be effective of a loaded 

medication [1,2], aerosol research as tracking [3,4], biomedical diagnostic [25] and optical 

imaging [49]. 

Polymer micro- and nanoparticles are solid particles characterized by sizes ranging 

between 1-250 μm and 100-1000 nm, respectively [50]. The emulsion [27,51], dispersion 
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[26,52], suspension [53] and self-organized precipitation [54] polymerization methods can be 

used to prepare polymeric particles with micro or nano size. The size of particles depends on 

many factors, including the properties of the polymeric composition like viscosity, surface 

tension and preparation method [1]. Nevertheless, surfactant materials (surfactants are organic 

substances with hydrophobic (tail) and hydrophilic (head) groups, having either water-insoluble 

(or oil-soluble) and water-soluble components) are adding to the preparation composition which 

can control the size of particles by manipulating the characteristic surface tension of the 

mixture. The selection of appropriate surfactant material is based on the required size for 

the application [55]. 

On the other hand, incorporating organic dye in the polymer matrix opens chances 

for designing new and desired structures for multiple applications in the technology. It was 

demonstrated that fluorescent organic micro- and nanoparticles are powerful tools for various 

applications including life sciences (as biomarkers for biological imaging) [5–9], flow devices 

[10], biomedical fields [11]. In previous studies, conventional organic dyes or fluorescent 

proteins have been used for in vivo or in vitro imaging, but one of the main issues with them is 

the high photobleaching rate due to the solubility of the dye and because the specimen might 

be immersed or covered completely by the dye, thus long-term imaging is a challenge due to 

photodamage in the sample [12]. Photobleaching is the photochemical alteration of a dye or a 

fluorophore molecule that results in the molecule becoming nonfluorescent. This might be due 

to photolysis or other reactions, such as the bonding of excited fluorophores to surrounding 

molecules [56]. Uptake of a fluorescent dye into a host polymer microparticle is a promising 

approach to decrease the photobleaching problem that can also reduce the photodamage effect 

[13]. Emulsion polymerization is a form of radical polymerization that typically begins with 

water, monomer and surfactant emulsion which can be utilized to create fluorescent 

monodisperse polymeric particles [27,51]. Figure 4 shows fluorescent microparticles fabricated 

by emulsion polymerization method. The method relies on surfactant materials and stabilizers, 

as basic additives in the polymerization to (i) maintain the phase of the polymer in the composite 

solution; (ii) reduce the aggregation of product particles; (iii) prevent the adhesion into solution. 

Moreover, the yield of particles is influenced by the stabilizer and appropriate surfactant 

[26,27]. 
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Figure 4: Fluorescence images of PS particles filled with green (left), yellow (center) and red CdTe 

dots (right). The insets show the confocal fluorescence images that correlate to them. The scale bars 

are 2 µm [57]. 

On the other hand, the challenge is how to create polymeric particles with a facile method 

or one step, without stabilizers, and with less/no surfactants. Therefore, the gamma precipitation 

polymerization is initiated without any initiator and stabilizer by selecting the appropriate 

combination of the compounds that allow creation of particles having a spherical shape and 

uniform size. In addition, other molecules can simply be incorporated into the polymer matrix 

by their addition to the monomer mixture [58]. 

In this part, we report on the preparation and characterization of fluorescent 

microparticles, formed of FITC dye dissolved into DEGDMA microparticles prepared 

during gamma radiation-initiated polymerization method. I characterized the fluorescent 

microparticles with different methods and tested their performance by Raman spectroscopy and 

SEM. To evaluate the emission of the fabricated FITC/DEGDMA microparticles, I built light-

sheet fluorescent microscopy and utilized it in imaging of prepared fluorescent microparticles 

besides the photoluminescence measurement. 

2.1.4. Polymeric SERS-active substrates 

SERS effect is an increased Raman signal based on the interaction of electromagnetic 

fields of incident or scattered light with collective oscillations of free electrons in metal 

nanoparticles. Several different types of substrates have been developed and tested for SERS 

spectroscopy since the invention of SERS in 1974 [59]. SERS effect was observed on noble 
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metals like silver which is the most common element, followed by gold. Despite the fact that 

gold offers a lower overall SERS enhancement than silver, the former is especially desirable 

for biological and biomedical applications because of its long-term stability and 

biocompatibility, while the latter is particularly attractive due to its low cost. Today, SERS 

substrates that are frequently used in SERS applications include metal electrodes, island thin 

films, colloidal nanoparticles (NPs), and highly ordered nanostructures, made by techniques 

like self-assembling, lithography, and nanoimprint [59–63]. Figure 5 shows an example of 

SERS substrate utilizing nanosphere lithography [61]. It is worth noting that a typical SERS-

active substrate for an application should (i) display Raman enhancement, (ii) be uniform 

throughout the whole surface, and (iii) exhibit excellent spectral stability and repeatability. 

Finding SERS active substrates that adequately meet these criteria is an interesting research 

topic for scientists nowadays. 

 

Figure 5: Diagram showing of the nanosphere lithography method, which is used to fabricate metal 

film over nanosphere (FON), periodic nanoparticle arrays, and nanovoid arrays [61]. 

Although the porous polymer materials have been extensively proven in many 

applications like separation or detection of biomolecules, etc. [64,65], their usage as polymeric 

SERS-active substrates for the detection of proteins has only lately become popular [66]. Wang 

et al. [67] recently developed monolithic poly(glycidyl methacrylate ethylene dimethacrylate) 

(poly(GMA-co-EDMA)) rods containing epoxide groups that react with aqueous solution of 
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ammonia to generate amine functionalities, allowing for the immobilization of silver 

nanoparticles in the rods. SERS tests with rhodamine 6G (R6G) performed with this substance 

revealed a statistically significant enhancement factor. The same monolith of poly(GMA-co-

EDMA) was produced in a capillary tube and reacted with cysteamine to produce monoliths 

containing thiol functionalities, which were significant for the connection of gold nanoparticles 

with polymeric monoliths [68], SERS measurements of p-aminothiophenol (PATP) were 

performed on the prepared monolith composite and it demonstrated excellent sensitivity and 

high SERS enhancement [69]. Cao et al. created a polymeric planar SERS active layer by 

polymerizing glycidyl methacrylate-ethylene dimethacrylate (GMA-co-EDMA) that was 

reacted with cysteamine to functionalize the layer with gold nanoparticles. The SERS layer was 

used for sensing bacteria [21]. Figure 6 shows a scanning electron microscope image of a porous 

poly(GMA-co-EDMA) layer that has been functionalized with 40 nm AuNPs (left), in the 

schematic Figure (a, centre), E. coli bacteria are trapped on an AuNP/monolith substrate and 

their SERS spectra on 40 nm AuNP/monolith substrates functionalized with propanethiol (b, 

right), 3-mercaptopropionic acid (c, centre) and cysteamine are shown (d, right). Despite the 

monolithic polymers being fabricated as substrates to detect SERS effect and format them as 

capillary tubes or planar layers, they have shown good SERS signals as well. Investigations into 

the typical design of a SERS active substrate that presents the best characteristics remain the 

focus of researchers, particularly in the case of monodisperse microparticles. 

 

Figure 6: SEM image of porous poly(GMA-co-EDMA) layer functionalized with 40 nm AuNPs (left), 

a schematic diagram showing the cross-sectional view of bacteria captured on a modified 

AuNP/monolith substrate (a, centre), and the SERS spectra of E. coli bacterium on 40 nm 

AuNP/monolith substrate functionalized with propanethiol (b, right), 3-mercaptopropionic acid (c, 

centre), and cysteamine (d, right) [21]. 
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In this thesis, we report on the preparation and characterization of a novel type of SERS active 

substrates, formed of AuNPs attached to poly(DEGDMA) microparticles prepared by gamma 

radiation-initiated polymerization method. To evaluate the performance of the fabricated 

composite, the aqueous solution of R6G was used as a Raman standard. The effect of the 

excitation wavelength on the SERS enhancement was investigated. Also, the stability of the 

resultant poly(DEGDMA)/AuNPs composite particles with time was evaluated. Moreover, the 

SERS performance of the developed substrate has also been tested in real conditions by 

detecting DNA strand-specific of the parasite Giardia lamblia (the β-giardin gene) as a 

promising biological application. 

2.2. Microscopic and spectroscopic techniques 

2.2.1. Photoluminescence 

Photoluminescence (PL) involves the irradiation of the sample to be characterized with 

photons of energy greater than the band-gap energy of that material. The incident photons will 

create electron-hole pairs. When these electrons and holes recombine, this recombination 

energy will transform partly into non-radiative emission and partly into radiative emission. In 

other words, PL process involves three main steps: 1) Excitation: creation electron hole pair 

due to the absorption of a photon emitted by a laser source, xenon lamp, tungsten bulb, or other 

light source by exciting electron to higher energy level; 2) Relaxation: the excited pair relaxes 

towards quasi-thermal equilibrium distribution after thermalization; 3) Recombination: when 

the electron returns to its original ground state, the energy may be released in the form of a 

lower energy photon [70,71]. 

2.2.2. Light-sheet fluorescent microscopy 

Over twenty years ago, light-sheet fluorescent microscopy (LSFM) has been an imaging 

method that has achieved superior development in imaging science [72,73]. The technique 

consists of the excitation part to illuminate the specimen with a thin light sheet and the detection 

part perpendicularly to the excitation side of the sample. Because the illumination and detection 

parts are organized at a right angle, it is possible to obtain a single plane image in (xy-axes) and 

move the specimen toward the detection path (z-axis), which allows for 3D imaging and even 

observing the growth of the specimen in biological samples. In addition, other advantages of 

the technique include low photobleaching, phototoxicity, and photodamage due to the low 

excitation power [74,75]. 
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The first light-sheet imaging microscope technique was described in 1903 by an 

Austrian/Hungarian chemist Richard Zsigmondy and a German physicist Henry Siedentopf. 

The researchers wished to improve the optical microscope's resolution in order to image 

nanostructured materials such as colloidal gold. Abbe's study had previously proven that the 

resolution was limited and that one needed to utilize lenses with a large numerical aperture 

(NA) and short wavelengths of light in order to achieve higher resolution [74]. An employee 

with Zeiss at the time realized, to the benefit of Zsigmondy and Siedentopf, that a high contrast 

image is crucial to increasing the degree of visibility of any features. They illuminated the 

sample perpendicularly to the detection axis in their microscope and observed the scattered light 

by the gold nanoparticles, in so called Tyndall cones. During that time, since microscopic 

photography had not developed adequately, the studies were required to observe the phenomena 

by the researchers with their own eyes, and the light source, although strong, was changeable 

due to it involved focused sunlight. On the other hand, in all these determinations, 

different colors were observed for particles of various sizes and materials [74]. 

Scientists were able to use light-sheet microscopy to investigate small sizes within tissues or 

organs due to advancements in technology in the fields of microscopic cameras and 

semiconductor lasers in the late twentieth century. Voie et al. developed a light-sheet 

microscope, called Orthogonal Plane Fluorescence Optical Sectioning (OPFOS) to image the 

internal architecture of the guinea pig cochlea with high-resolution images. In this research, the 

lateral and axial resolutions of the images were 10 and 26 µm, respectively, within a 1.5-mm 

field of view [76]. Many LSFM systems use the same components: laser source, telescope as a 

beam expander, cylindrical lens, specimen chamber, illumination part being orthogonal to the 

direction of detection and specimen movement perpendicular to the light sheet plane (formed 

by the illumination and detection axes) to create a z-stack [77]. Huisken et al. published an 

article on Selective Plane Illumination Microscopy (SPIM) in 2004. The researchers developed 

SPIM to produce multidimensional sample images of up to a few millimeters in size, and they 

used the device to investigate and image in vivo the embryogenesis of the relatively opaque fruit 

fly (Drosophila melanogaster) [78]. 

Figure 7 shows the schematics of a light sheet fluorescence microscope with one side 

illumination. In the diagram, the laser beam is passed through the cylindrical (that will create 

the light sheet) lens before the excitation objective. Then the light sheet created by the 

cylindrical lens excites the specimen through an illuminating objective that reduces 

light aberrations. It is worth to mention that the cylindrical lens is a type of lens that concentrates 
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light into a line rather than a point, as a spherical lens would. After that, the scattered light is 

captured at the specimen by detecting objective. Since the illumination part is connected with a 

translational stage, multi-sheet images of the specimen can be recorded using the camera that 

with appropriate software post processing can create a 3D image of the scanned volume [77]. 

 

Figure 7: Light-sheet fluorescence microscope is formed using a cylindrical lens before the excitation 

objective and the orthogonal imaging arm. The XY plane view is shown in the top drawing, where the 

objective keeps the light focused on the sample. The YZ plane view, seen at the bottom, is where the 

objective completely concentrates light on the sample [74]. 

Another LSFM configuration to that shown in Figure 1 is adding a second illumination part on 

the opposite side to the first, this known as dual-sided illumination [72]. Advantages of 

this configuration are: (i) it reduces shadow artifacts; (ii) it provides a more intense beam; and 

(iii) it allows the illumination of a larger specimen. In contrast, the disadvantage is the difficult 
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alignment of both light sheets in three-dimensional space, which makes the optical focus not 

optimal [77]. 

The challenges and limitations like high cost, limited field of view and low resolution in 

the field of imaging related to traditional microscopy methods give the motivation to explore 

and investigate Light Sheet Fluorescence Microscopy (LSFM) technique for improving image 

measurement accuracy. LSFM, is based on the Selective Plane Illumination Microscopy (SPIM) 

system [79], is an optical technique that has been used to image specimens by monitoring the 

scattered light after the specimen is illuminated with an appropriate wavelength [74]. Here, it is 

worth mentioning that the cylindrical lens is a basic unit for forming the light sheet of the laser 

beam. In other words, the main feature of the cylindrical lens is to compress light in the direction 

perpendicular to this line, but it remains unchanged in the direction parallel to it based on the 

lens design.  

Three-dimensional spatial resolution of the LSFM is controlled by the numerical apertures 

used for excitation and detection (NAexc and NAdet, respectively). By taking into account the 

diffraction limit of wide-field microscopy, the lateral resolution (Rlateral) and the axial resolution 

(Raxial) are [80]: 

 𝑅𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =
𝜆𝑒𝑚

2𝑁𝐴𝑑𝑒𝑡
 (1) 

 𝑅𝑎𝑥𝑖𝑎𝑙 = (
2𝑁𝐴𝑒𝑥𝑐
𝜆𝑒𝑥𝑐

+
𝑛(1 − 𝑐𝑜𝑠θ𝑑𝑒𝑡)

𝜆𝑒𝑚
)

−1

 (2) 

 

The axial resolution corresponds to the illuminating light sheet's thickness, (
2𝑁𝐴𝑒𝑥𝑐

𝜆𝑒𝑥𝑐
), and the 

axial resolution of the detection objective lens, (
𝜆𝑒𝑚

𝑛(1−𝑐𝑜𝑠θ𝑑𝑒𝑡)
), where 𝜆𝑒𝑚, 𝜆𝑒𝑥𝑐 are the emission 

and excitation wavelengths, respectively, n is the refractive index of the imaging buffer, and 

θ𝑑𝑒𝑡 = 𝑠𝑖𝑛
−1(𝑁𝐴𝑑𝑒𝑡 𝑛⁄ ) is the half-angle of light collection in the imaging buffer. Clearly, 

increasing NAexc results in an increase of the axial resolution, which corresponds to a thinner 

light sheet [80]. 

2.2.3. Raman spectroscopy 

Raman spectroscopy is an effective light scattering technique for the detection of 

characteristic vibrations of molecules, solids, liquids and gases. The technique can be used to 
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characterize the molecular structure and bonding configuration of materials by observing the 

frequency shift between the excitation photon and the photon scattered by the medium [81–83]. 

The method is based on the inelastic light scattering effect induced by the interaction between 

the incident photons and the building blocks of the medium. In 1928, the Raman scattering 

phenomenon was first noticed by Indian scientist Chandrasekhara Venkata Raman [84] and, in 

1930, Raman got a Nobel Prize in physics for that discovery. Although the earlier applications 

of Raman spectroscopy in physics and chemistry were related to the investigation of vibrations 

and bonding structure of gases, liquids and solids [17], nowadays, Raman spectroscopy is 

utilized in vast range of applications such as in environmental protection, quality monitoring, 

temperature measurements, medical diagnostics, biology and nanomedicine [85,86]. 

Due to the weak scattering, the large intensity of the excitation light is one of the main 

requirements to observe a detectable Raman signal. The discovery of the laser in 1960 and its 

utilization in a Raman system [87,88], the development of imaging cameras and charge 

coupling devices (CCD) [89] and the possibility to prepare filters cutting out the light of the 

exciting laser [90] were significant factors to improve the conditions of the Raman technique. 

Then, the confocal Raman microscope gave a significant impact on the rapid development of 

high-resolution measurements and to obtain the surface distribution of a given compound 

through the generation of compositional maps or images of heterogeneous samples [91]. So 

molecular and Raman scattering it is necessary to know the fundamentals of molecular 

vibrations, what will be described in the next chapter. 

2.2.3.1. Molecular vibrations 

During the Raman scattering effect, the incident photon excites the characteristic 

vibrations of the medium: phonons in the case of crystals and molecular vibrations in the case 

of molecules. It is beneficial to review the theoretical background of molecular vibrations to 

understand the Raman scattering mechanism.  

During the light-matter interaction, a photon can be absorbed by the molecule, and the energy 

of this absorbed photon can excite the molecule from a lower to a higher state, as illustrated in 

Figure 8. Vibration, rotation and translation are three types of molecular motions that can be 

excited by the incident photon. In the molecules, the atoms are connected by chemical bonds 

and the vibration indicates a periodic change in the characteristics of bonds (bond length and/or 

angle) [92]. 
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Figure 8: Simple diagram shows a light-matter interaction process. 

2.2.3.2. Raman scattering 

Many interactions can occur between light and matter. Depending on the internal structure 

of the medium and energy of the incident photon, the light can be reflected, absorbed, and 

scattered. As a consequence of the interaction with light, the electrons within the molecule are 

disturbed periodically by the electromagnetic field of frequency νi, which leads to the formation 

of an induced electric dipole moment. In other words, a dipole moment will be induced by the 

oscillating electrical field in a molecule [92]. 

There are two types of scattering processes: elastic and inelastic. In the first type, the emitted 

radiation has the same frequency as the incident light, and it is also called Rayleigh or Mie-

Tyndall scattering. During the inelastic scattering, the scattered light has a frequency being 

different from that of the incident wave. This process is known as Raman and Brillouin 

scattering [17,93]. 

The difference in the frequency between the incident and the scattered light is known as Raman 

shift by the following [92]: 

 ∆𝑣(𝑐𝑚−1) = (𝑣𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 − 𝑣𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑) (3) 

It should be noted that, in general, this frequency difference does not depend on the 

frequency of the incident photon, so for a given peak, the same Raman shift will be observed 

when exciting the molecule with photons of different energy. 

During the light-matter interaction, the medium is affected by a time-varying electric field 

𝐸 = 𝜀0�̅�𝐸0 cos(2𝜋𝑣𝑖) of incident radiation which induces an electric dipole moment (P) [94]: 

 𝑃 = 𝛼𝑖𝑗𝐸 = 𝜀0�̅�𝑖𝑗𝐸 = 𝜀0�̅�𝑖𝑗𝐸0 cos(2𝜋𝑣𝑖𝑡) (4) 
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where 𝛼𝑖𝑗 is the polarizability of the molecule, 𝜀0 is the dielectric constant of vacuum, and �̅�𝑖𝑗 

is the susceptibility, which is a tensor quantity characteristic for the medium. As we will see, 

the polarizability is a significant quantity for the Raman activity of materials [92,95]. 

The vibration with a frequency of 𝑣𝑣𝑖𝑏 will change the displacement (x) of the atoms as 

 𝑥 = 𝑥0cos (𝑣𝑣𝑖𝑏𝑡) (5) 

If the polarizability is not constant during the vibrations of the molecule and, assuming the 

displacement (x) is small, it can be written for the normal coordinates of vibration in the form 

of Taylor series: 

 𝛼 = 𝛼0 +
∂𝛼

∂𝑥𝑥=0
𝑥 +⋯ (6) 

Combining Eq. (6) with Eq. (5) gives 

 𝛼 = 𝛼0 +
∂𝛼

∂𝑥𝑥=0
𝑥0cos (𝑣𝑣𝑖𝑏𝑡) (7) 

By substituting Eq. (7) into Eq. (4) we get: 

𝑃 = [𝛼0 +
∂𝛼

∂𝑥𝑥=0
𝑥0cos (𝑣𝑣𝑖𝑏𝑡)] 𝐸0 cos(2𝜋𝑣𝑖𝑡) 

 𝑃 = [𝛼0𝐸0 cos(2𝜋𝑣𝑖𝑡) + 𝐸0
∂𝛼

∂𝑥𝑥=0
𝑥0cos (𝑣𝑣𝑖𝑏𝑡) cos(2𝜋𝑣𝑖𝑡)] (8) 

Equation (8) can be rearranged using the trigonometric identity: 

cos 𝑎 cos 𝑏 =  
1

2
{cos(𝑎 + 𝑏)+ cos  (𝑎 − 𝑏)} 

𝑃 =

[
 
 
 
 

𝛼0𝐸0 cos(2𝜋𝑣𝑖𝑡)⏟          
𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ

+
𝑥0𝐸0
2

∂𝛼

∂𝑥𝑥=0
[cos2𝜋 (𝑣𝑖 − 𝑣𝑣𝑖𝑏)⏟      

𝑆𝑡𝑜𝑘𝑒𝑠 
𝑅𝑎𝑚𝑎𝑛

𝑡 + cos 2𝜋 (𝑣𝑖 + 𝑣𝑣𝑖𝑏)⏟      
𝐴𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠 
𝑅𝑎𝑚𝑎𝑛

𝑡]

]
 
 
 
 

 

 

(9) 

According to Eq. (9), it is clear that the scattered light spectrum of a molecule consists of three 

main distinct terms. The first term represents "Rayleigh scattering" which corresponds to the 

frequency of incident light 𝑣𝑖, hence the induced dipole has the frequency of the excited light. 

The latter two terms, where the frequency changes, are related to the Raman scattering. The 
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lower frequency 𝑣𝑖 − 𝑣𝑣𝑖𝑏 is known as a Stokes shift, which means the light is scattered with 

lower energy that is equal to the energy of the molecular vibration. The term with additional 

energy, 𝑣𝑖 + 𝑣𝑣𝑖𝑏 known as an anti-Stokes shift means the scattered radiation has gained 

energy equal to the energy of a molecular vibration when the molecule participated in the 

process of excitation to a vibrational state [17,94]. The anti-Stokes process requires the 

molecule to already be in an excited vibrational state the energy of which can be transferred to 

the scattered photon. Figure 9 shows the diagrammatic representation of Rayleigh scattering 

Stokes Raman and anti-Stokes Raman scattering. 

 

Figure 9: Diagram of Rayleigh scattering, Stokes Raman and anti-Stokes Raman scattering. 
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Actually, the molecules tend to be stable at room temperature. Therefore the vast majority of 

an assemble will be in the ground state, and only a minority will be in the excited vibrational 

state. Therefore, at low temperatures, the Stokes Raman scattering will dominate over anti-

Stokes scattering. On the other hand, the molecules distribution in the vibrational ground state 

and excited state according to Boltzmann's equation determines the ratio of the Stokes intensity 

to the anti-Stokes [96]: 

 
𝐼𝑆𝑡𝑜𝑘𝑒𝑠

𝐼𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠
= (

𝑣𝑖 − 𝑣𝑣𝑖𝑏
𝑣𝑖 + 𝑣𝑣𝑖𝑏

)
4

𝑒
ℏ𝑣𝑖
𝑘𝐵𝑇 (10) 

According to Eq. (9), the essential criterion for observing the Raman scattering is 

 
∂𝛼

∂𝑥𝑥=0
≠ 0 (11) 

Eq. (11), means the derivative of the molecule’s polarizability must be non-zero at the 

equilibrium position of the vibration, and this is a mandatory condition for the Stokes or anti-

Stokes Raman scattering to occur [97]. 

 

Figure 10: Diagram of Resonance Raman scattering and normal Raman process. 

Quantum theory provides a complete description of the Raman scattering phenomenon by 

studying the transition between energy state levels; the quantum theory allows us to appraise 

intensities of Raman bands. This approach is assumed the incident light wave as time-dependent 

perturbation in the scattered medium [17,98]. 
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On another hand, Resonance Raman scattering occurs when the energy of the excitation 

is equal or close to an electronic transition of the molecule or solid because otherwise, 

Raman scattering involves a virtual state. But in the real level, it can be resonant Raman 

scattering. Figure 10 shows the scheme of the Resonance Raman scattering process. An increase 

in Raman scattering of specific vibrational modes occurs when a molecule is excited 

electronically. Electronically excited vibrational modes with changed bond length exhibit 

increased polarizability and hence Raman intensity [14]. The normal Raman scattering process 

is also mentioned in Figure 10. 

2.2.4. Surface-enhanced Raman spectroscopy 

Surface-enhanced Raman spectroscopy or surface-enhanced Raman scattering (SERS) is 

a spectroscopy tool used to enhance the intensity of Raman scattering light by adsorbing the 

analyte molecules on rough metal surfaces or nanoparticles as SERS active substrates 

[17,20,99,100]. During SERS the low Raman scattered light is amplified through its interaction 

with localized plasmons – collective oscillations of the free electrons in the metal. 

Fleischmann et al. [59] first identified the SERS phenomenon in 1974, when they discovered 

unexpectedly enhanced Raman signals while researching pyridine adsorbed on a roughened 

silver electrode [60]. In 1977, Fleischmann's observations were confirmed by two independent 

research groups, Jeanmaire and van Duyne [101] and Albrecht and Creighton [102]. According 

to their experiments, the phenomenon was caused by the creation of strong electrochemical 

electromagnetic fields or by the formation of molecular-metal complexes at the metal surface. 

Later, Moskovits [103,104] suggested that the large enhanced Raman signal is due to the optical 

excitation of the collective oscillations of electrons on the metallic surface. Although many 

enhancement mechanisms were suggested in the early days of SERS, only two of them are 

accepted nowadays: the electromagnetic (EM) and the chemical enhancement (CE) 

mechanisms [20,105–107]. 

The CE mechanism incorporates the intrinsic characteristics of the adsorbate and the new 

properties are resulting from the formation of adsorbate-metal complexes at the substrate 

leading to the alteration of the polarizability of the molecule [108]. In other words, a chemical 

bond is formed between the molecule and the metal surface during the chemical enhancement 

process. Consequently, there is a charge transfer between them, resulting in the formation of 

new electron states [14]. The main contributions of the CE mechanism is due to the resonant 

Raman effect involving these new states, which results in a Raman amplification of about four 

https://en.wikipedia.org/wiki/Surface_science
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orders of magnitude [108]. Further information on this topic can be found for example in 

references [107,109]. 

During EM mechanism, the incident and/or scattered light interacts with the metal surface, 

where localized surface plasmons (LSP) are excited. LSP are collective charge (electron) 

oscillations at the metallic surface, the frequency of which is affected by the material, size, 

shape, etc. of the metal. In the case of resonant excitation (e.g. the frequency of the external EM 

field is equal to the LSP frequency) a significant enhancement of the Raman signal by the LSP 

can be experienced near the surface. SERS enhancement occurs only with plasmon oscillations 

perpendicular to the metal surface. In-plane plasmons do not contribute to the SERS 

enhancement. In other words, roughened surfaces or arrangements of nanoparticles show 

excellent performance in SERS measurements [14]. 

SERS is a phenomenon related to plasmonics, therefore it is worthwhile to review this 

field in more detail. It's beneficial to study the optical properties of metals to get a 

better understanding of the concept of plasmonic surface amplification. Discussion in the 

frames of the Drude model is sufficiently precise for metals suitable to SERS, such as gold and 

silver, as well as for wavelength ranges relevant for Raman measurements, including the 

visible and the near-infrared regions [107,110]. 

The optical properties of bulk materials are determined by the frequency-dependent (𝜔) 

dielectric function. The dielectric function is connected to the refractive index by the relation 

𝑛(𝜔) = √𝜀(𝜔), and it is a complex quantity for most substances [111]. The Drude model 

considers delocalized electrons moving in the lattice of metals as an ideal gas (since they are 

charged particles, plasma) and gives the following relation for the dielectric function [107]: 

 ε(ω) = 𝜀∞ (1 −
ω𝑝
2

(ω2 + 𝑖𝜏0ω)
) (12) 

 

where 𝜀∞ is the dielectric constant at infinitely high frequency, 𝜏0 is the damping factor, that 

corresponds to the collision rate of free electrons with ions and impurities and ω𝑃 included in 

the equation is: 

 ω𝑃 = √
𝑛𝑒2

𝑚𝜀0𝜀∞
 , (13) 
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the frequency of the charge density change of the free electron plasma, i.e., the plasma 

frequency. In the equation, e is the charge of the electron, n is the number of free electrons per 

unit volume, and m is their mass, 𝜀0 is the dielectric constant of the vacuum. 

If the incident photon has a frequency greater than the plasmon frequency (as is usually the case 

with UV photons), the light will be transmitted or absorbed by the interband electrons and there 

are no free electron oscillations occur. On the other hand, photons with a frequency less than 

that of the plasmon frequency will induce oscillations and will be reflected by the metal. Since 

the electric field of the incident light cannot penetrate the bulk of the metal, this will excite 

plasmons at the metal surface, affecting just a small fraction of the free electrons [112]. 

 

The real and imaginary parts of ε(ω) Eq. (12) are: 

 Re[ε(ω)] =  𝜀∞ (1 −
ω𝑝
2

(ω2 + 𝜏0
2)
) (14) 

and 

 Im[ε(ω)] =  
𝜀∞ω𝑝

2𝜏0

ω(ω2 + 𝜏0
2)

 (15) 

Considering the relation 𝜏0<<𝜔, the plasmon frequency can be determined in the case 

𝑅𝑒[𝜀(𝜔)] ≈ 0. It can also be seen from the above relations that for 𝜔<𝜔𝑝 we have 𝑅𝑒[𝜀(𝜔)] <

0. Furthermore, if 𝜔 is not too small, the value of 𝐼𝑚[𝜀(𝜔)] will have small values. If these two 

conditions are met – the real part of the dielectric function is negative (and its magnitude is 

large) and the imaginary part is small – plasmon resonance can occur in the bulk material. 

The oscillations of conductive electrons in metals at a metal-dielectric interface caused by 

an incident electromagnetic field is called plasmon resonance, which results in intense 

electromagnetic fields near the metal's surface. This phenomenon can be classified into two 

categories: propagating surface plasmon resonance (SPR) on metal layers and localized surface 

plasmon resonance (LSPR) on metallic nanoparticles [113,114]. 

In Figure 11a, charge waves propagate in the XY plane around the interface area for a few tens 

to hundreds of microns and decay evanescently in the z-direction [115]. These are referred to 

as surface plasmon polaritons (SPP). Polariton is a term that refers to a hybrid excitation that 

happens when a surface plasmon couples with a photon, resulting in charge waves traveling 

along the surface [116]. While, in Figure 11b, light interacts with particles much smaller than 

the incident wavelength in the case of localized surface plasmons. This results in the formation 
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of a plasmon that oscillates at a frequency known as the LSPR locally around the nanoparticle 

[115,117]. 

 

Figure 11: Mechanisms of surface plasmon polariton (a) and localized surface plasmon resonance (b) 

[115]. 

When an external electromagnetic field is applied on a flat and infinite surface it excites 

electrons in a very thin layer (a few or a few tens of nanometres) near the surface. A 

surface electromagnetic wave can form between a metal surface that can be described by a 

dielectric function ε𝑚𝑒𝑡𝑎𝑙(ω) and an insulating surrounding medium with a dielectric function 

ε𝑑𝑖𝑒𝑙(ω). This wave is a longitudinal charge density wave (as opposed to transverse light 

waves). A charge wave, as previously stated, can be coupled to an electromagnetic wave 

generating a surface plasmon wave. The dispersion curve of SPP excitation can be given as 

[118]: 

 𝐾𝑆𝑃𝑃 =  
𝑤

𝑐
√
ε𝑚𝑒𝑡𝑎𝑙(ω)ε𝑑𝑖𝑒𝑙(ω)

ε𝑚𝑒𝑡𝑎𝑙(ω)+ε𝑑𝑖𝑒𝑙(ω)
 (16) 

where 𝐾𝑆𝑃𝑃 is the wave vector of light necessary to excite a SPP for a given interface, the value 

below the square root is greater than the value for metals, so the wave vector of the plasmon 

wave is greater than the wave travelling in free space. Then, surface plasmons form only under 

special conditions. 
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The electronic excitation of SPP is seen in Eq. (16) depends on both the metal layer properties 

and on its surrounding environment. This relationship makes excitation of surface plasmon 

resonance an excellent tool for sensing, as it allows for the detection of changes in the dielectric 

properties of the metal layer's local environment through changes in the resonance frequency 

(or coupling angle) of surface plasmon polariton. This is the fundamental premise of the SPR 

sensing technique. So, the resonance frequency of SPR (𝜔𝑆𝑃𝑅) is depending on the plasmon 

frequency (𝜔𝑝) of the metal and the dielectric function (𝜀𝑑𝑖𝑒𝑙) of the environment medium 

which given as [118]: 

 𝜔𝑆𝑃𝑅 =
𝜔𝑝

√1 + 𝜀𝑑𝑖𝑒𝑙
 (17) 

In contrast to SPR, LSPR has a resonance frequency (𝜔𝐿𝑆𝑃𝑅) that is determined by the metal's 

plasmon frequency and the dielectric function of the local surrounding medium [119]: 

 𝜔𝐿𝑆𝑃𝑅 =
𝜔𝑝

√1 + 2𝜀𝑑𝑖𝑒𝑙
. (18) 

As it is seen from the eqs. (17) and (18) the factor 2 is an only difference, which results in a 

significant change in the resonance frequencies of the same metal-dielectric depending on the 

geometrical structure. In other words, when an incident photon interacts with a metallic surface, 

it influences the resonance frequency of the SPR or LSPR as a function of the dielectric 

constant, which results in generating the SERS effect, the latter depending on particular physical 

and chemical conditions. 

SERS enhancement factor (EF) is a fundamental characteristic of the SERS effect. It is 

affected by many factors, including the wavelength, polarization and the angle of incidence of 

the excitation light; characteristics of the SERS support: material, geometry, morphology; 

refractive index of the medium adjacent to the SERS support; characteristics of the sample used 

for the experiment: concentration and coverage on the SERS support’s surface, actual distance 

from the SERS surface. 

While being so important, it is not easy te determine the SERS EF precisely, especially 

because it is difficult to measure the pure SERS and normal Raman contributions for the same 

amount of sample. To characterize the SERS EF, three main quantities were introduced, the 

single molecule enhancement factor (SMEF), the normalized enhancement factor (NEF), 

and the analytical enhancement factor (AEF) [107,120]. 
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The use of these enhancement factors depends on the characteristics of the SERS 

experiment. The SMEF is used for very low concentration samples in single-molecule 

measurements and can be determined according to the following equation [120]: 

 SMEF =
𝐼𝑆𝐸𝑅𝑆
𝑆𝑀

𝐼𝑅𝑆
𝑆𝑀

 (19) 

where 𝐼𝑆𝐸𝑅𝑆
𝑆𝑀  is the SERS intensity of the molecule under the study and 𝐼𝑅𝑆

𝑆𝑀 is the normal Raman 

intensity of the molecule for the same sample. 

In many SERS applications and investigations, the SMEF distribution on the substrate, 

even if it has a high value, is unimportant because it's dealing with average signals of SERS. 

Finding the appropriate enhancement factors method is essential which can be utilized to 

compare the SERS enhancements across different substrates. Therefore, NEF is the common 

expression of normalized SERS enhancement is defined by the equation [120]: 

 NEF = (
 𝑁𝑅𝑆
𝑁𝑆𝐸𝑅𝑆

) × (
𝐼𝑆𝐸𝑅𝑆
𝐼𝑅𝑆

) (20) 

where 𝑁𝑆𝐸𝑅𝑆 is the number of molecules involved in the SERS process, which is usually equal 

to the number of molecules absorbed on the surface,  𝑁𝑅𝑆 is the number of molecules involved 

in the conventional Raman process, which is equal to the number of molecules in the excited 

volume. One of the disadvantages of this approach is that in most measurements in bulk liquids, 

the normal Raman signal of the molecules present in the bulk volume is also added to the SERS 

signal of those adsorbed on the surface. 

In the case of using a solution as a test sample, the number of molecules absorbed on the 

surface is orders of magnitude lower than the number of molecules involved in normal Raman 

scattering. Therefore, the analytical enhancement factor (AEF) can be given as follows [120–

122]: 

 AEF = (
 𝐶𝑅𝑆
𝐶𝑆𝐸𝑅𝑆

)× (
𝐼𝑆𝐸𝑅𝑆
𝐼𝑅𝑆

) (21) 

where ISERS and IRS represent the Raman intensities of the analyte molecule at the same 

wavenumber in SERS and normal Raman spectrum, respectively, and CSERS and CRS are the 

concentrations of the analyte molecule under SERS and normal Raman conditions, respectively. 

In brief, the surface enhancement depends on the SERS experimental conditions, specifically 

the metallic substrate, the analyte target, and the excitation wavelength. Apart from having 
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different dielectric properties, Ag has a higher enhancement factor than Au in the 400–600 nm 

excitation field, but, Au becomes equivalent to Ag at wavelengths greater than 600 nm [107]. 
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3. Materials and methods 

This chapter is divided into four sections: materials, preparation of polymeric structures 

by gamma radiation-initiated polymerization, preparation of poly(DEGDMA) microparticles 

decorated with gold nanoparticles and characterization systems. The first section shows the list 

of main compounds and solvents that were used in the study. The second section describes the 

different sample preparations by gamma radiation-induced polymerization method to form 

different polymeric structures, including microparticles and fluorescent microparticles. 

The third part explains the protocol that was used to attach gold nanoparticles 

to poly(DEGDMA) microspheres to create SERS substrate for DNA detection. The final part 

deals with the characterization systems used in my research. 

3.1. Materials 

In this work, diethylene glycol dimethacrylate (DEGDMA) monomer, fluorescein 

isothiocyanate isomer-I (FITC) and rhodamine 6G (R6G) dyes were purchased from the Sigma-

Aldrich and used as received, without any further purification. The chemical structures of the 

monomer and the dyes are shown in Figure 12. 

 

Figure 12: Chemical structure of (a) DEGDMA monomer, (b) FITC dye, and (c) R6G dye. DEGDMA 

has a linear formula: C12H18O5, molecular weight: 242.27 g/mol, and refractive index: 1.458; FITC has 

a linear formula: C21H11NO5S and molecular weight: 389.04 g/mol; and R6G has a linear formula: 

C28H31N2O3Cl and molecular weight: 479.01 g/mol. 



31 
 

Cystamine dihydrochloride (CDHC), sodium hydroxide (NaOH), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP.HCl), 6-mercapto-1-hexanol (MCH), colloidal 

gold nanoparticles (AuNPs) with a 40 nm diameter, deoxyribonucleic acid (DNA), pH test 

strips, ethyl propionate, methanol, ethanol, 2-propanol, ethyl acetate, acetone, and distilled 

water were purchased from Sigma Aldrich. The chemical materials and solvents were used as 

received. 

3.2. Preparation of polymeric structures by gamma radiation-initiated polymerization 

During my experiments, a Cobalt-60 (60Co) γ-source with typical energies of 1.27 MeV 

and 16 kGy/h dose rate was used to irradiate all samples. 

Firstly, DEGDMA monomer and methanol, ethanol, 2-propanol, ethyl acetate, acetone, 

and ethyl propionate solvents were used as structural materials. For the sample preparation, 

deoxygenated solutions of 30 vol% DEGDMA in different solvents were placed in plastic bags, 

sealed under nitrogen and irradiated with γ-source with doses between 1 and 40 kGy. The 

obtained samples were washed three times with the corresponding solvent to remove the non-

reacted monomers. Then, they were dried at 50°C for 2 weeks before Raman and other 

measurements. 

Polymer microparticles were prepared by gamma radiation-induced polymerization 

technique (Figure 13a). The DEGDMA monomer was dissolved in ethyl propionate at different 

concentrations and irradiated with different doses (Table 1), in order to study the dependence 

of the particle size on the monomer concentration and dose. The mixtures of different 

compositions were prepared in 2 ml vials, following the procedure described earlier. 

Figure 13b shows polymer microparticles with embedded fluorescent dye were also 

prepared by gamma radiation-induced polymerization technique. A particular concentration of 

DEGDMA monomer was dissolved with ethyl propionate, a FITC in acetone solvent was added 

to the mixture as a highly fluorescent organic dye. To avoid contamination from the 

surroundings, the sample preparation procedures were carried out in a MBraun UNIlab 

Glovebox under a nitrogen atmosphere. Then the polymeric microparticles of FITC/DEGDMA 

were fabricated. 0, 5, 10, 15, and 20 vol% concentrations of FITC dye dissolved into acetone 

were dissolved with a fixed 5 vol% DEGDMA (Table 2). These samples were prepared as 

homogeneous solutions by using ethyl propionate solvent and placed in 2 ml vials. 
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Figure 13: Diagram of preparation poly(DEGDMA) monodisperse microparticles by gamma radiation-

initiated polymerization (a) without FITC dye and (b) with FITC dye. 

 

Table 1: Different concentrations of DEGDMA dissolved in ethyl propionate at different irradiation 

doses to prepare polymeric particles. 

Sample No. 

DEGDMA 

concentration 

(vol%) 

Ethyl 

propionate 

(vol%) 

Dose (kGy) 

a1 1 99 4 

a2 1 99 7 

a3 1 99 10 

a4 1 99 15 

b1 5 95 4 

b2 5 95 7 

b3 5 95 10 

b4 5 95 15 

c1 10 90 4 

c2 10 90 7 

c3 10 90 10 

c4 10 90 15 
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Table 2: Different concentrations of FITC with 5 vol% DEGDMA dissolved in ethyl propionate at 10 

kGy irradiation dose to prepare fluorescent polymeric microparticles. 

Sample No. 

FITC 

concentration 

(vol%) 

Ethyl 

propionate 

(vol%) 

S1 0 95 

S2 5 90 

S3 10 85 

S4 15 80 

S5 20 75 

 

3.3. Preparation of poly(DEGDMA) microparticles decorated with gold nanoparticles  

For the decoration with gold nanoparticles, polymeric microparticles were fabricated as 

described above. Then, the preparation continued with steps of attaching AuNPs 

to poly(DEGDMA) microparticles. This procedure is based on binding the gold nanoparticles 

to the polymer surface by thiol bonds, and consists of the following steps: 

A. Fabrication of thiol-functionalized polymeric microparticles 

To attach thiol groups to poly(DEGDMA) microparticles, we adopted a protocol used by 

Cao et al. [21]. The approach consists of two parts (see Figure 14): mixing 1.0 mol/L CDHC 

and 2.0 mol/L aqueous NaOH, and to react it with poly(DEGDMA) microparticles for 2 h at 

room temperature. Then, the microparticles were washed with distilled water several times to 

neutralize the pH. Subsequently, to liberate the free thiol groups, the microparticles were reacted 

with a 0.25 mol/L TCEP.HCl solution for 2 h at room temperature then washed with distilled 

water. 

B. Combination of polymeric microparticles with gold nanoparticles (AuNPs) 

Before the attachment of AuNPs to poly(DEGDMA) microparticles, a concentrated fraction of 

40 nm AuNP colloid was separated by using an Eppendorf centrifuge with 12,000 rpm for 10 

min. Then, 200 µl of concentrated AuNPs with size of 40 nm were added to 8 µl 

poly(DEGDMA) microparticles suspension and left for 3 h at room temperature, then washed 

to extract the unattached AuNPs. This step was repeated 3 times in order to maximize the 

number of AuNPs attached to poly(DEGDMA) microparticles. Figure 14 illustrates the 

schematic structure of polymeric microparticles decorated with AuNPs. 
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Figure 14: Preparation routine of poly(DEGDMA) microparticles by gamma radiation-initiated 

polymerization (a) without AuNPs and (b) with AuNPs. [CDHC ≡ cystamine dihydrochloride, NaOH 

≡ sodium hydroxide, and TCEP.HCl ≡ tris(2-carboxyethyl)phosphine hydrochloride]. [T3] 

C. Sample preparation for SERS detection of DNA 

The synthesized poly(DEGDMA)/AuNPs composite was used to investigate DNA. Here 

we utilized DNA functionalization protocols as tested in previous work [123]. The purpose is 

to immobilize DNA on the gold surface in order to enhance the DNA Raman signal and this 

can be realized by creating a thiol group between DNA and the AuNPs surface. The protocol 

consists of the following main steps: 1) overnight immobilization of probe-DNA from a 1 

µmol/L solution; 2) 30 min treatment with 6-mercapto-1-hexanol (MCH) after probe 

immobilization to reduce nonspecific binding of DNA on the gold surface; 3) 2 h binding of 

target-DNA from a 1 µmol/L solution. This protocol allowed to achieve a limit of detection of 

around 5 nmol/L for this target-DNA with a localized surface plasmon resonance sensor [124]. 

The base sequences of the probe-DNA and target-DNA: (from 5′ to 3′): probe-DNA: 

CGTACATCTTCTTCCTTTTT-[ThiC6]; target-DNA: AGGAAGAAGATGTACGACCA. 

3.4. Sample characterization 

3.4.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a versatile method for 2D and 3D characterization 

of the morphology of materials down to the nanometer level. SEM is one of the main 
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instruments for the study of the size, size distribution and shape of micro- and nanoparticles. 

During a SEM measurement, an electron beam is scanned over the sample to investigate its 

surface morphology. The scattered electrons from the sample are captured by detectors to create 

an image of the sample. The advantage of SEM is that it provides an image with high 

magnification and better resolution compared to the optical microscope [125,126]. 

In this work, SEM studies were performed to evaluate the morphology of prepared 

DEGDMA microparticles, fluorescent DEGDMA microparticles, poly(DEGDMA)/AuNPs 

composite and to characterize the particle size and size distribution. The SEM measurements 

were performed at the Institute for Solid State Physics and Optics of Wigner Research Centre 

for Physics (Budapest, Hungary) by using a Tescan MIRA3 scanning electron microscope 

(Figure 15). Imaging was performed with 1-5 kV electron energies to avoid charging and 

damaging the samples. The SEM images were analyzed with the ImageJ software. 

 

Figure 15: The Tescan MIRA3 scanning electron microscope. 

3.4.2. Raman spectroscopy 

In this work, I used two instruments for Raman and SERS measurements on my samples: 

a Renishaw 1000 Raman spectrometer integrated with a Leica DM/LM microscope (Figure 16a) 
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and a Renishaw inVia Raman system integrated with a Leica DM2700 microscope (Figure 16b). 

The two devices are similar, with the latter being essentially an improved version of the former, 

with motorized mirror control and higher sensitivity and higher resolution detectors. 

 

Figure 16: The (a) Renishaw 1000 and (b) Renishaw inVia micro-Raman spectrometers used for the 

Raman measurements. 

A schematic layout of the Renishaw 1000 micro-Raman spectrometer, with labeled 

individual components, is shown in Figure 17. 

The instrument measures the Raman spectrum in backscattering geometry. The movement 

of the sample under the objective lens of the microscope is performed with a motorized XYZ 

stage. 
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Figure 17: Schematic layout of the Renishaw 1000 micro-Raman spectrometer [127]. 

The main parameters for the Renishaw 1000 and Renishaw inVia systems are 

summarized in Table 3. The spectra are displayed by the appropriate versions of the Renishaw 

WIRE software running on the computers connected to the devices. The Raman measurements 

of the prepared materials were performed with the 785 nm excitation. 

Table 3: Comparison of the main parameters of the Raman devices used for the measurements. 

Feature Renishaw 1000 Renishaw inVia 

Excitation wavelength, nm 785 and 488 532, 633, and 785 

Detector 576 x 20 pixel CCD 1024 x 256 pixel CCD 

Microscope objective lenses 5x, 20x, 50x, 100x 5x, 20x, 50x, 100x 

Automatic sample movement 

resolution, μm 
0.2 in the XY direction  

0.1 in the XY direction  

0.02 in the Z direction  

Optical grating density, 1/mm 1200 1200, 1800, 2400, 3000 

Maximum achievable spectral 

resolution, cm-1 
1.5 0.3 
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Raman spectroscopic measurements on the obtained bulk and microparticle DEGDMA 

samples were performed at room temperature by using a Renishaw 1000 micro-Raman 

spectrometer attached to a Leica DL-LM microscope. A 785 nm diode laser with 20 mW 

maximum output power was used as an excitation source. The spot size was ~1 µm, while the 

laser power was 8 mW on the sample surface. The spectra were recorded with 1.5 cm−1 spectral 

resolution. While the SERS measurements of DNA were carried out on 

poly(DEGDMA)/AuNPs composite sample using a Renishaw InVia Raman spectrometer at a 

laser wavelength of 785 nm. Spectra were collected within one run and using 5 s acquisition 

time. 

All recorded Raman and SERS spectra were processed by using the OriginPro 2018 

software. First, a baseline correction has been performed by polynomial fitting. This was 

followed by fitting the Raman bands with a set of Gaussian and/or Lorentzian peaks. 

In order to facilitate the assignment of the Raman bands of DEGDMA, the theoretical 

description of the Raman peaks was also studied using the calculated vibrational frequencies 

and their Raman activities for two methacrylate models. The density functional theory (DFT) 

method was used for simulations. DFT calculations of the Raman active modes of DEGDMA 

allowed us to identify the structural characteristics inside the generated model's designated area 

of interest. The computational part consists of geometry optimization and subsequent 

calculations of the Raman lines of monomer and polymer states of methacrylate models with 

the Gaussian-09 program package [128]. The self-consistent DFT field method with the hybrid 

B3LYP functional consisting of a linear combination of the pure corrected exchange functional 

by Becke [129] and the three-parameter gradient-corrected correlation functional by Lee et al. 

[130] was used for calculations. The triple zeta valence (TZV) Pople 6-311++G(d,p) basis set 

with the diffuse and polarization functions was used for C, O, and H atoms [131].  

3.4.3. Photoluminescence spectroscopy 

Photoluminescence (PL) is an optical phenomenon related to light emission from any 

kind of matter after absorption of a photon of wavelength λ1. The absorbed photon excites an 

electron, which decays to a lower energy excited electronic state, and then emits light of 

wavelength λ2, as it radiatively decays to its ground electronic state. The wavelength of 

emission, λ2, is usually longer than the excitation wavelength (i.e., the emitted photon has lower 

energy)  [132,133]. 
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In my work, I measured PL spectra to characterize the intrinsic luminescent properties of 

the fabricated optical material. The measurements were performed using Horiba Jobin Yvon 3-

22 Fluorolog fluorimeter with a 450 W Xenon lamp excitation source. Figure 18a,b shows the 

PL spectrometer and optical layout of the PL system that was used in the research, respectively. 

PL emission spectra of the prepared luminescent polymeric microparticles structures were 

investigated in the 400-900 nm range, with the excitation wavelength 400-500 nm range using 

0.1 s integration time. The excitation and emission slits were set to 5 nm. All PL spectra were 

recorded at room temperature. 

 

Figure 18: The (a) PL spectrometer and (b) optical layout of the Horiba Jobin Yvon 3-22 Fluorolog 

system. 
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3.4.4. Light-sheet fluorescent microscopy 

In this dissertation, light-sheet fluorescent microscopy (LSFM) for imaging the 

luminescent microparticles, based on the SPIM system [79] was designed, built, and used by 

me to image standard fluorescent microparticles firstly then for the prepared particles in this 

work by their fluorescent emission. Figure 19 shows the LSFM system that was designed and 

constructed in the study [see Appendix A]. 

 

Figure 19: Schematics of the experimental LSFM system built and used for my experiments. NDF – 

neutral density filter, CF – color filter, TL– tube lens, T1, T2– first and second telescope, respectively. 

As shown in Figure 19, the LSFM system can be summarized in four main parts: 

A. Illumination part 

This part consists of Gaussian mode laser. Three different wavelengths are available for 

illumination at 488, 532, and 633 nm with a maximum output powers of 65, 45, and 109 mW, 

respectively. These lasers can be used separately to excite the sample. Neutral density filter 

(NDF) is used to reduce the intensity of the laser beam. The collimated beam is passed through 

two achromatic doublet lenses with focal lengths of f1=25 and f2=50 mm, respectively. These 

are lenses of the first telescope (T1) which is used to increase the diameter of the laser beam in 

order to provide uniform illumination of the sheet. The central part of the expanded beam is 
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cropped in one direction by an adjustable rectangular mechanical slit before entering the 

cylindrical lens that creates the light sheet. Figure 20 shows the diagram of a cylindrical lens. 

The sheet is reflected by a mirror (M1), then passes into the second telescope (T2) to retrieve 

the laser beam to its original diameter. Then, the light sheet is narrowed down by an Olympus 

UMPLFLN 10X /0.3 water dipping objective lens to illuminate a small portion of the specimen 

in the focal plane. 

 

Figure 20: Diagram of a cylindrical lens. 

B. Detection part 

The detection part is like that of a traditional microscope. In brief, it consists of an 

objective lens, a color filter with a holder for selecting the detection wavelength, a tube lens, a 

shutter instrument, and a charge coupled device (CCD) camera as a detector. The emission color 

filter cuts the excitation light and allows the fluorescence signal emitted by the sample to 

transmit. A primary fluorescent image formed via the set of lenses behind the emission filter 

can be detected on the CCD camera, which is controlled by a computer. 

In my research, I utilized air-/water dipping-objective lenses (Leica 50X /0.4 air lens and 

Olympus UMPLFLN 20X /0.5 water dipping objective lens). Based on Eq. (37) and Eq. (38), 

the lateral and axial resolutions of the system are 0.5 and 0.7 µm, respectively. For the 

fluorescein isothiocyanate isomer-I (FITC) dye a 500 nm long-pass filter was used with 488 nm 

excitation. While for imaging fluorescent polystyrene (FPS) microparticles a 650 nm long-pass 

filter was utilized with 633 nm excitation. A monochrome QImaging camera, type 01-QIC-F-

M-12-C, (www.qimaging.com) with 1392x1040 pixel resolution, 4.65 x 4.65 μm pixel size, and 

10 fps frame rate was utilized for the detection. 

https://www.olympus-lifescience.com/en/objectives/detail/0-DIRECTORY%3A%3ADirFrontend-itemId.511706538.html
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C. Specimen part 

In my experiments, the illumination and detection parts were fixed. However, three-

dimensional stacks of images were acquired by moving the sample along the detection side's 

optical axis and across the focal plane of the illumination. This was realized by placing the 

samples on a 4D-translation stage providing precise motion control. The Picard-Industries 4D-

translation stage has a compact 4 axis motor assembly allowing to move the sample along four-

dimensional (X, Y, Z, R) axes (R means the rotation of the sample around the vertical axis). 

The samples were placed in a small cylinder or a glass capillary tube filled with agarose gel to 

prevent them from moving. The transparent agarose gel allows for three-dimensional images to 

be captured from large sample volumes. The gel is composed of 1% agarose [0.4 g of pure 

agarose is dissolved into 100 ml of distilled water and placed in the oven for 2-4 mins until the 

solution becoming clear and transparent] in a medium that is appropriate for the specimen and 

the experimental circumstances. 

A sample chamber can be designed and manufactured according to the objective lenses, 

in order to provide orthogonal placement of the two objective lenses. In my 

research, the chamber is a plastic cube (it is made in our lab using a 3D printing machine). It is 

designed with two perpendicular windows, one used for the illumination and the other for the 

detection objective lens. For water-dipping objective lenses, a rubber ring can be inserted 

between the lens and the window which enables the lens to be fixed into the chamber without 

any water leakage. The main benefit of the water dipping lens configuration is to decrease the 

relative refraction of the extra glass surfaces in the optical path of the detecting system. 

The main components of the built LSFM system are described in Table 4. Images of the 

self-made LSFM parts are presented in Appendix B. 

I have made a specific sample holder for the LSFM system, it was designed using Fusion 

360 3D CAD software. Figure 21a,b shows a flow-through-sample holder that I made in the 

lab. The holder is in the shape of a cylindrical channel with an inner diameter of about 0.9 mm, 

and it is supported by two windows that are covered by glass coverslips on each side. The 

purpose of this holder is to detect, image, and measure flowing microparticles [T1, T2] and 

some biological cells like red blood cells (RBCs). 
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Table 4: Main components used in the building of the LSFM system. 

Description Manufacturer Quantity 

Adjustable mechanical slit ThorLabs 1 

Water dipping objective lens for illumination (10x/0.3) Olympus 1 

Water dipping objective lens for illumination (20x/0.5) Olympus 1 

Fluorescent microscopy filter with different color and 

bandpass (FWHM 30-50 nm) and a longpass that block the 

illumination well 

ThorLabs 

1  

to each 

illumination 

source 

USB-4D-Stage its compact 4 axis motor assembly, sample 

positioning arm, 5 M3 screws to bolt the sample positioning 

arm onto the motor assembly 

Picard-Industries 1 

Chamber Holder– Aluminum Self Made 1 

Sample Chamber – Plastic Self Made 1 

QImaging Camera, (FAST 1394), COOLD MANO 12 BIT, 

type 01-QIC-F-M-12-C 

Qimaging 

www.qimaging.com 
1 

 

 

Figure 21: Flow-through sample holder for the LSFM system. 
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D. Image acquisition part via the detection side 

The collected images of a fluorescent sample by the CCD camera with different axes in 

real-time are treated and combined using ImageJ software to create a 3D image view of the 

sample. The image acquisition process begins after the formation of the light sheet that can be 

monitored on the pc screen and the 4D-translation stage is used to adjust the sheet position. 

Here it is worth mentioning an appropriate color filter should be used to image the fluorescence 

effect of the sample. Despite that, it is essential that the sample receives the least amount of 

light exposure, which is why the laser is only turned on for the duration of the image recording 

by using an optical shutter. 
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4. Results and discussion 

This chapter contains the results of my research work. The first part deals with the 

systematic Raman spectroscopic study of the degree of conversion of DEGDMA polymers 

fabricated by gamma radiation polymerization method in different solvents. In addition to the 

adaptation of a Raman spectroscopic method for the determination of the DC in these systems, 

this research also served as a basis for my further work, related to the fabrication of DEGDMA 

microparticles with fluorescent and SERS enhancement properties. The production and 

characterization of monodisperse luminescent microparticles is described in Chapter 4.2. The 

last section details the results related to the fabrication of SERS substrates: synthesis of 

polymeric microparticles decorated with gold nanoparticles, as well as its use for the detection 

of biological samples. 

4.1. Study of the reaction kinetics of gamma radiation-initiated polymerization of 

diethylene glycol dimethacrylate in different solvents by Raman spectroscopy 

The DEGDMA monomer has two methacrylate groups allowing the formation of a highly 

crosslinked structure. In case of gamma radiation initiation, the polymerization mixture is 

composed of only the solvent and the DEGDMA monomer and it has been shown earlier that 

bulk structures ranging from non-porous to macroporous character can be obtained by changing 

the type and the amount of the solvent [29,33,134]. It has also been shown that the degree of 

conversion is an important parameter that has to be determined for each monomer-solvent 

system individually [33]. 

The Raman spectrum of the non-irradiated DEGDMA monomer contains several well-

defined peaks (bottom curve in Figure 22) related to different C–C, C–H, etc. bonds of the 

molecule [135,136], (Their detailed assignment will be provided later). 

After the preparation of the polymer from the mixture of DEGDMA and ethanol by 

irradiating it with different doses of gamma radiation, most of the features of the Raman 

spectrum, such as peak positions, line widths and peak intensities, remain the same (top four 

curves in Figure 22). However, several Raman bands in the spectrum show a noticeable 

dependence on the applied irradiation dose. The intensity of two peaks, located at 1409 and 

1645 cm–1, decrease remarkably and they almost vanish completely above 8 kGy irradiation 

dose. The intensity of the peak around 1725 cm–1 also decreases, but only up to 8 kGy dose. 

Meanwhile, a shoulder appears next to this band at 1735 cm–1, the intensity of which increases 

with the irradiation dose and it becomes the most intensive band of the high-wavenumber region 



46 
 

(above 1500 cm–1) of the spectrum in samples obtained with doses above 8 kGy. In addition, 

two other peaks appear as a result of gamma irradiation around 830 and 970 cm–1, and their 

intensity increases with the applied dose. 

 

Figure 22: Evolution of the Raman spectrum of DEGDMA/ethanol polymer with applied irradiation 

dose. 

In order to have a better understanding of the Raman bands' appearing in the Raman spectrum 

of DEGDMA after polymerization, the functional methacrylate group was used for modeling 

the polymerization process of DEGDMA monomer. 

The model of methacrylate monomer was obtained by shortening and modification of the 

DEGDMA molecule at C-C bond position (Figure 23a,b). The modification consists of CH2 to 

CH3 group substitution prior to the corresponding C-C bond cleavage. The methacrylate 

polymer model was obtained by cleavage of C=C bond followed by substitution of =CH2 group 

of methacrylate monomer by two -CH2-CH3 groups bonded to the main structure with single C-

C bonds (Figure 23c). 
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Figure 23: Geometry structure of DEGDMA (a) molecule and corresponding models of methacrylate 

group in their monomer (b), and polymer (c) states. [T1] 

Lorentz-shape function with full width at half-maximum (FWHM) parameter of 10 cm-1 were 

applied for each computed Raman mode (Figure 24). The tentative assignments of the Raman 

active vibrational modes calculated for monomer and polymer states of methacrylate models 

are tabulated in Table 5. The theoretical modes of methacrylate models were correlated with 

the vibrational bands observed in the experimental Raman spectra of DEGDMA monomer and 

polymer. 
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Table 5: Experimental bands observed in the Raman spectra of DEGDMA monomer and polymer and 

calculated* Raman modes of methacrylate models together with their assignments**. [T1] 

Monomer Polymer 

Exp. Calc. Tentative assignment Exp. Calc. Tentative assignment 

384 
373 

389 

δ(C-C=C), 

δ(C-CH2,C=CH3) 

δ(C-CH2,C=CH3) 

373 348 δ(C-C-C) 

   478 449 δ(C-C-C) 

515 478 δ(C-C-C), δ(C-C-O) 532 469 δ(C-C-C), νs(C-C=O) 

608 582 
δ(C-C=C), 

δ(C-O-C,O-C=O), ν(C-C) 
606 597 

δ(C-C-C), νs(C-C-C), 

δ(CH2-CH3) 

660 650 δ(CH2,CH3)    

   735 726 δ(CH2-CH3), νs(C-C-C) 

   762 753 δ(C-C-C), δ(CH2-CH3) 

   791 790 
δ(C-C=O,C-O-C), 

δ(CH2-CH3) 

820sh 811 
δ(C-C=O), νs(C-C-C), 

δ(C-CH3) 
830 848 

νas(C-C-C), νs(C-O-C), 

δ(C-CH3,O-CH3) 

866   873 879 νas(C-C-C), δ(C-CH3) 

   940 
960 

977 

ν(C-C), δ(C-CH3) 

ν(C-O), ν(C-C), δ(C-CH3) 

950 920 
δ(C=CH2), ν(C-C), 

νs(C-O-C) 
970 994 ν(C-C), ν(C-O), δ(C-CH3) 

1014 959 δ(C=CH2)    

 989 
ν(C-O), ν(C-C), 

δ(C-CH3,C=CH2) 
   

1051 1005 δ(C-CH3,C=CH2), ν(C-O) 1043 1058 ν(C-C), ν(C-O), δ(C-CH3) 

1134 
1142 

1154 
δ(O-CH3), νas(C-O-C) 1127 1156 ν(C-C), δ(C-CH3) 

    1176 ν(C-O), δ(O-CH3) 

1179 1185 ν(C-O) 1200 1202 νas(C-C-C), δ(C-CH3) 

    1218 νas(C-C-C), νas(C-O-C) 

1247   1246 1293 δ(CH2), ν(C-C) 

1294 1278 νas(C-C-C), ν(C-O) 1282 1345 ν(CH2), νas(C-C-C), 

1385 1376 δs(CH3), δ(=CH2)    

1409 1398 δ(=CH2), δs(CH3)    

1455 1444 δas(CH3) 1455 1449 δ(CH2), δas(CH3) 

1477 1455 δas(CH3) 1477sh 1463 δas(CH3), δ(CH2) 

1645 1649 ν(C=C)    

1720 1727 ν(C=O) 1735 1733 ν(C=O) 

     * The scaling factor of 0.975 was used for all calculated modes. 

     **ν, δ, s, as - stretching, bending, symmetric and asymmetric vibrations, respectively, sh- shoulder. 

The 1409 and 1645 cm–1 bands correspond to the vibrations of the methacrylate group [137]. 

The rapid decrease of their intensity is caused by the polymerization which starts by creating a 

free radical by breaking the C=C bond in methacrylate group. These free radicals are transferred 
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to the monomer, forming an active center that can attack other monomers by propagation step. 

The reaction is terminated when two molecules containing free radicals react and form the final 

product of the poly(DEGDMA) matrix. 

 

Figure 24. Simulated Raman spectra of methacrylate molecule in monomer and polymer states (the 

calculated frequencies were scaled by using the scaling factor of 0.975). 

The band around 1725 cm–1 is related to the carboxyl (C=O) bond of the same 

methacrylate group [135]. This strong bond is not affected by the gamma radiation, however, 

its Raman activity is strongly dependent on the conjugation with the neighboring C=C bond 

described above. Due to this, the C=O peak intensity decreases as the amount of the C=C bonds 

decreases. However, the carbonyl groups of the formed polymer network will have their own 

Raman scattering contribution appearing as a new band at 1735 cm–1, shifted to higher 

wavenumbers due to the lack of conjugation. In other words, gamma radiation enhances the 

free radical density or electron density in the polymer matrix. This rise in electron density results 

in a reduction in the order of the C=O bonds, which in turn decreases the intensity and shifts 
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the peak of the carbonyl [138]. Therefore, the appearance of this new component is an evidence 

of the increasing degree of polymerization as well. 

According to Table 5, the 830 and 970 cm–1 peaks are complex ones that are related to C–C and 

C–O vibrations in different configurations. This assignment is also in good agreement with 

results published earlier [135,139,140]. The increasing intensity of these peaks with irradiation 

dose is also an indication of the higher levels of crosslinking, resulting in the formation of new 

C–C and C–C–C groups in the polymerized matrix. 

All the obtained spectra in Figure 22 were normalized to the 1455 cm–1 C–H deformation 

Raman band of the CH3 group of DEGDMA (this band is not affected by the polymerization). 

This peak has been used as reference peak for the determination of the relative intensity of the 

C=C Raman band at 1645 cm-1. The C–H deformation and C=C Raman bands were fitted using 

Lorentzians. Since the 1455 cm–1 peak has a shoulder at 1482 cm-1, an additional Lorentzian 

has been used to obtain the peak intensities precisely. An illustration of the peak fitting is shown 

in Figure 25. 

 

Figure 25: Fitting of the 1360-1800 cm-1 region of the Raman spectrum of DEGDMA irradiated with 1 

kGy dose with a set of Lorentzian peaks. 
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The Raman spectroscopy-based degree of conversion (𝐷𝐶𝑅𝑎𝑚𝑎𝑛) of the cross-linked polymer 

after gamma irradiation treatment was calculated from the intensity of the Raman peak related 

to the C=C bond of the methacrylate group at 1645 cm–1 according to the following equation 

[30]: 

 𝐷𝐶𝑅𝑎𝑚𝑎𝑛  = (1 − (RC=C Rreference))⁄ × 100%, (22) 

where 𝑅𝐶=𝐶 and 𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 are the Raman intensities of the 1645 and 1455 cm-1 bands in the 

spectrum after the normalization, respectively. This approach is widely used for the 

determination of the degree of conversion of different polymers, for example for dental 

materials [141–144]. 

Weight-based degree of conversion (𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡) has been determined from the weight difference 

of the monomer and the polymer measured by using a laboratory scale with 0.1 mg precision. 

The weight of the monomer was measured before mixing it with the solvents. After the 

irradiation, the obtained samples were washed three times with the corresponding solvent to 

remove the non-reacted monomers. Then, they were dried at 50°C for two weeks before the 

weight measurement. The 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡 values have been determined by using the following 

equation [35]: 

 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡  = (𝑚polymer mmonomer)⁄ × 100%, (23) 

where 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝑚𝑚𝑜𝑛𝑜𝑚𝑒𝑟 are the measured weights of the polymer and the monomer, 

respectively. 

Since, in terms of bonding, the degree of polymerization is determined by the number of C=C 

bonds transformed into single C–C bonds and attached to the polymer network, it can be 

expected that the change of the intensity of the C=C Raman peak will correlate with the degree 

of polymerization, and the disappearance of the band is an indication of complete conversion 

of the monomers. Figure 26a shows the 𝐷𝐶𝑅𝑎𝑚𝑎𝑛 data for the DEGDMA monomers irradiated 

with increasing doses in different solvents. The values were obtained from the Raman peak 

intensities derived by Lorentzian fitting procedure and using Eq. (22). Beside 𝐷𝐶𝑅𝑎𝑚𝑎𝑛, the 

weight-based 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡 values were also calculated using Eq. (23) and the obtained data are 

shown on Figure 26b. Both Figure 26a,b shows that the type of the solvent has a remarkable 

effect on the DC and hence, on the kinetics of the polymerization. In general, gamma radiation-

initiated polymerization is the fastest for alcohol solvents, followed by ethyl acetate and 
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acetone. Doses of 10–15 kGy are enough to reach the plateau of the DC curve in all cases. 

Comparison of Figures 26a,b also show that while the data obtained with the two methods for 

the different DEGDMA/solvent systems are very similar, 𝐷𝐶𝑅𝑎𝑚𝑎𝑛 indicates more rapid 

kinetics for the polymerization. 

 

Figure 26: Degree of conversion of different DEGDMA/solvent systems with applied dose determined 

from (a) Raman peak intensity ratios and (b) weight difference measurements. 

The experimental results shown in Figure 26 were also evaluated in terms of reaction kinetics. 

Figure 27a,b shows the 𝐷𝐶𝑅𝑎𝑚𝑎𝑛 and 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡 values for DEGDMA polymer versus 

polymerization time. The polymerization time was obtained from the dose and the dose rate 

values. The data in the Figures were fitted with the Avrami equation [45,145]: 

 𝑦(𝑡) = 𝑎 (1 − exp(−𝑘𝑡𝑛)), (24) 

where a is a correction factor, k is the Avrami constant related to the reaction rate, and n is the 

Avrami exponent. In case of polymerization, the reaction rate k is dependent on the nucleation 

rate and the propagation rate. The Avrami exponent, on the other hand, is determined by the 

character of the nucleation and propagation and could have different values ranging from 1 to 

4. The former value is characteristic of constant nucleation rate, while the latter of systems with 

variable nucleation in three dimensions [44]. It should be noted that, since the Avrami exponent 

is related to the polymerization mechanism, fitting was performed by using the same n value 

for a given solvent in both weight and Raman datasets. 

The results of the fitting (in Figure 27) for the different DEGDMA/solvent systems with the 

two methods are summarized in Table 6 and Table 7, while the determined Avrami constants 

are  shown  in  Figure 28. The comparison shows  remarkable  differences  between  the  values 
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Figure 27: Fitting of the (a) 𝐷𝐶𝑅𝑎𝑚𝑎𝑛 and (b) 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡 data with the Avrami function fr different 

DEGDMA/solvent systems. 

given in the two Tables. The Raman-based Avrami constants always higher than the weight-

based ones. Since the same samples were measured with both methods, this difference should 

be related to the measured property. While weight difference gives information on the mass of 

the already polymerized amount of the monomer, the decrease of the C=C Raman peak intensity 

is related to the number of transformed double bonds. In case of monomers with a single carbon 

double bond, there should be a linear dependence between these two quantities. However, 

DEGDMA is a compound with two methacrylate groups forming a cross-linked structure 

instead of chains, so a given amount of this polymer with a higher level of cross-linking will 

show a C=C Raman peak of smaller intensity. As a consequence, the Raman-based Avrami 

constant will always be higher than the weight-based one and the difference will be indicative 

of the level of cross-linking of the structure. 

Table 6: Avrami constants obtained from fitting of the DCRaman data. 

Composition kRaman (min-n) nRaman aRaman 

DEGDMA/Methanol 0.0460 1.40 0.95 

DEGDMA/Ethanol 0.0400 1.61 0.93 

DEGDMA/2-propanol 0.1045 1.45 0.90 

DEGDMA/Ethyl acetate 0.0076 1.74 0.90 

DEGDMA/Acetone 0.0460 1.85 0.92 

DEGDMA/Ethyl propionate 0.0531 1.33 0.91 
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Table 7: Avrami constants obtained from fitting of the DCweight data. 

Composition kWeight (min-n) nWeight aWeight 

DEGDMA/Methanol 0.0261 1.40 0.99 

DEGDMA/Ethanol 0.0067 1.61 0.98 

DEGDMA/2-propanol 0.0211 1.45 0.97 

DEGDMA/Ethyl acetate 0.0045 1.74 0.91 

DEGDMA/Acetone 0.0028 1.85 0.99 

DEGDMA/Ethyl propionate 0.0162 1.33 0.92 

 

 

 

Figure 28: Comparison of k values obtained by fitting the 𝐷𝐶𝑅𝑎𝑚𝑎𝑛 and 𝐷𝐶𝑊𝑒𝑖𝑔ℎ𝑡 data for 

different DEGDMA/solvent systems. 

The data in Tables 6, 7 and Figure 28 show that indeed the alcohol solvents have the 

highest reaction rates, in the order of 2-propanol > methanol > ethanol and methanol > 2-

propanol > ethanol for the Raman spectroscopic- and weight-based methods, respectively. Ethyl 

acetate and acetone have an order of magnitude smaller k values. This difference is mainly due 

to the polymerization mechanisms being characteristic of the different solvents. As it has been 

shown earlier, a precipitation polymerization occurs when the DEGDMA monomer is dissolved 

in alcohols, resulting in a highly micro- and macroporous structure [34]. Since the solubility 

parameter of alcohols (16.1, 13.4, and 12.3 (Cal/cm3)0.5 for methanol, ethanol, and 2-propanol, 

respectively) are much larger than that of DEGDMA (6.8 (Cal/cm3)0.5), the growing nuclei 

quickly precipitate from the solution, and the polymerization continues at the precipitate-
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solution interface. The forming new nuclei will also be “absorbed” by the precipitates, which 

further facilitates their growth. As a consequence, the polymer formation in alcohol solvents is 

a fast process, occurring simultaneously in many places at the precipitates surface. On the other 

hand, the solubility parameter of ethyl acetate and acetone are 9.1 (Cal/cm3)0.5 and 10.1 

(Cal/cm3)0.5, respectively, and in these solvents DEGDMA precipitates at later stages. 

Therefore, less propagation occurs simultaneously, and rather a bulk or nanoporous polymer 

forms upon irradiation. This difference in the polymerization mechanism is responsible for the 

behavior of the Avrami exponents nRaman and nWeight, being some 15–20% higher for ethyl 

acetate and acetone compared to the alcohols. 

Comparison of the values in Tables 6 and 7 shows that the k values obtained by the Raman 

and the weight difference methods are similar for acetone, but there is a remarkable difference 

for some other solvents, especially for 2-propanol. This behavior is presumably caused by the 

character of the formed polymer and the weight measurement procedure. Only minimal amount 

of the polymer will be removed during the washing step from the bulk polymer obtained with 

acetone, while this is not true for the loosely connected nuclei and small fragments formed in 

alcohols. As a result, smaller k values will be obtained from the weight difference measurements 

for these solvents. 

The correction factor a indicates the height of the plateau of the fitted curves or the degree 

of polymerization corresponding to total conversion conditions (doses above 12 kGy). It can be 

seen that according to the weight difference measurements, the conversion is above 97%. 

However, Raman data give values between 90–95% only. Since Raman spectroscopy detects 

the intensity of the methacrylate peaks values below 100% indicate the presence of methacrylate 

groups with intact C=C bonds in the structure. These presumably belong to DEGDMA 

monomers being either trapped in the polymer network or being connected to the polymer frame 

through one of their two methacrylate groups only. In other words, structures with lower values 

are less crosslinked. 

In conclusion, the results of this work have shown that the Raman method allows 

determining the conversion rate of polymeric structures by a non-destructive and, in terms of 

realization, simple manner. A good agreement was found in the DC determined by Raman 

spectroscopy and mass difference-based techniques. The data were fitted with the Avrami 

equation, and the observed differences in the reaction rate were explained by the different 

characters of the DEGDMA polymerization mechanism in alcohols and other types of solvent, 
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caused by their solubility values. It was found that the DC for DEGDMA reaches a plateau by 

increasing the irradiation doses and it exceeds 90% above 12 kGy, independently of the applied 

solvents. Raman measurements revealed also that there are DEGDMA monomers entrapped 

intact into the polymer matrix and/or attached to the frame only through the methacrylate group. 

4.2. Preparation and characterization of fluorescent monodisperse microparticles 

prepared by gamma radiation-initiated polymerization 

During gamma radiation, free radicals are created in the monomer mixture. These radicals 

initiate the polymerization reaction and the chain formation in many points of the volume 

simultaneously, forming a high number of nuclei, the density of which is determined by the 

dose rate. During the propagation, more and more monomers bind to these nuclei, they grow 

with time, and – in some specific solvents – precipitate after reaching a certain size. Then, the 

propagation continues at the precipitate’s surface. Since these nuclei are floating in the 

monomer mixture and they do not shadow the gamma radiation, the formed particles will have 

a spherical shape. The process ends when the radiation is terminated, or all the monomers are 

polymerized. In other words, precipitation polymerization occurs during irradiation, and the 

mixture changes from homogenous to heterogeneous because of cross-linking and 

polymerization. The properties of the formed particles can be controlled by the composition and 

concentration of the monomer mixture, and the irradiation conditions, including mainly dose 

and dose rate [47]. 

My work on the preparation of fluorescent microparticles started with the detailed study 

of the conditions of monodisperse microparticle formation from diethylene glycol 

dimethacrylate. This preparation method with gamma radiation initiation and ethyl propionate 

solvent has been demonstrated earlier [47], but it was necessary to elaborate the specific 

conditions for the fluorescent microparticles. 

I first studied the effect of the irradiation dose and monomer concentration on the 

properties of created monodisperse DEGDMA particles. For this, a series of 1, 5, and 10 vol% 

DEGDMA concentrations in ethyl propionate solvent were irradiated with 1,7, 10, and 15 kGy 

doses. Our experiments showed that particle formation cannot be detected in the samples 

irradiated with doses below 4 kGy (Figure 29: a1, b1, and c1). Above 7 kGy microparticles 

were already observed in the SEM images (Figure 29: a2, b2, and c2). Particle ensembles of 

nearly identical character (size and density) were obtained with irradiation doses between 10 
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and 20 kGy as shown in Figure 29: a3, a4, b3, b4, c3, and c4, indicating that the monomer 

reserve is a bottleneck above 10 kGy. Therefore, 10 kGy dose was used in further experiments. 

This dose value is in good agreement with the results of polymer conversion 

studies presented in section 4.1 showing that increasing irradiation doses result in the DC for 

DEGDMA reaching a plateau and that it approaches 90% between 8 kGy and 12 kGy, 

depending on the solvent used in the experiment. 

 

Figure 29: SEM images of monodisperse microparticles prepared from DEGDMA monomer as a 

function of the irradiation dose (4, 7, 10 and 15 kGy) and monomer concentration (1, 5, and 10 vol%). 

Reactions performed with different monomer concentrations in ethyl propionate revealed 

that concentration also affects the microparticles formation. Polymeric particles were not 

formed for DEGDMA concentrations below 5 vol% in the monomer mixture. This means that 

the radicals formed were probably quenched in non-polymerization type reactions when the 

monomer concentration is too small, and a high enough concentration is needed for an effective 
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collision of the radicals [28]. Figure 30 shows SEM pictures of microparticles prepared with 5 

vol% and 10 vol% DEGDMA content. It can be seen that microobjects with a shape close to 

spherical were formed in both cases (it should be noted that the drying and the vacuuming in 

the SEM station could affect the morphology of the particles). The monomer concentration was 

found to have less effect on the size of the created particles: the average particle size is 0.65 μm 

for 5 vol% and 0.75 μm for 10 vol% monomer concentrations. This observation is in good 

agreement with earlier results [47]. The monodispersity of the particle ensembles indicates the 

instantaneous character of the particle nucleation. Based on our findings we used 5 vol% 

DEGDMA solution in further experiments. 

 

Figure 30: SEM images of monodisperse microparticles prepared from monomer mixtures with (a) 5 

vol% and (b) 10 vol% DEGDMA concentration in ethyl propionate. The irradiation dose was 10 kGy. 

In the next step of fluorescent microparticle preparation, the effect of the dye 

concentration was evaluated. The main goal is to prepare fluorescent micro- nanoparticles that 

can be used in fluorescent imaging as an alternative to pure dye since the traditional organic 

dyes or fluorescent proteins are employed for in vivo or in vitro imaging, but one of the major 

drawbacks is the dye's high photobleaching rate, which makes long-term imaging difficult lead 

to photodamage of the sample. The performance of the DEGDMA polymer by gamma 

radiation-induced polymerization with the ethyl propionate solvent was a motivation to 

incorporate FITC dye into a polymer matrix as an attempt to form fluorescent microparticles. 

Here I would like to mention that there is no effect of gamma radiation on the structure and 

optical properties of FITC. 
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Figure 31 shows SEM pictures of microspheres synthesized with 5, 10, 15, and 20 vol% 

FITC added to the monomer mixture having 5 vol% DEGDMA content. It can be seen that the 

formed FITC/DEGDMA composites are less uniform than the pure polymer and the presence 

of the dye affects their shape as well. Some particles have a non-spherical and elongated shape. 

Elongated particles are likely those which contain two seeds that coalesced in the very early 

phase of the growth process. Particles with 2–4 quasi-spherical segments might have attached 

to each other in the later phase of the growth process, and the side of each sub-particle not 

touching the other(s) could grow independently of the agglomeration process. 

 

Figure 31: SEM images of luminescent monodisperse particles prepared from ethyl propionate and 5 

vol% DEGDMA monomer mixture with different FITC concentrations: (a) 5 vol%, (b) 10 vol%, (c) 

15 vol%, and (d) 20 vol%. The irradiation dose was 10 kGy. 
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In addition, the amount of FITC was found to affect the average particle size as well. 

Values obtained from the SEM images (Figure 32) show that the particle size increases with 

FITC concentration from 0.65 μm (0 vol% FITC) to 1.15 μm (15 vol% FITC). A slight decrease 

can be seen above this concentration. 
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Figure 32: Effect of FITC concentration on the average particle size prepared with 5 vol% DEGDMA 

concentration and irradiation dose of 10 kGy. 

In the first experiments, reaction mixtures with 5 vol% of acetone but without FITC were 

also tested. The result proved that acetone does not have any appreciable effect on the growth 

of the spherical particles at this concentration. It can be seen that the presence of FITC has a 

remarkable effect on the size and shape of the formed microparticles. While FITC is not taking 

part directly in the free radical polymerization, it can inhibit the chain formation and 

propagation by impeding the activated monomers. 

The nucleation density is determined by the probability of chain formation. It will 

decrease upon addition of FITC, acting as an inhibitor. Lower nucleation density means fewer 

growing nuclei and, as a result, a smaller number of precipitated particles in the mixture. 

Consequently, the latter can grow larger because of the higher monomer reserve in the mixture. 

However, the inhibitor effect of the dye will decrease the propagation and the growth speed of 

nuclei. The competition of these two processes will determine the particle size. As Figure 32 

shows, this parameter increases only up to 15 vol% FITC concentration. Above this threshold, 

the particle diameter decreases due to the high amount of the dye. The termination of the 
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propagation by incorporating FITC molecules could be responsible for the distorted shape of 

some of the particles (Figure 31). 
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Figure 33: Raman spectra of untreated and irradiated FITC solution, and FITC/DEGDMA composite 

prepared from 5 vol% DEGDMA monomer with 0, 5, 10, 15, and 20 vol% FITC content. The 

irradiation dose was 10 kGy (dashed lines: a: 827 cm-1, b: 980 cm-1, b’: 1182 cm-1, c: 1280 cm-1, c’: 

1410 cm-1, d: 1638 cm-1 (C=C Raman peak)). 

The structure of the samples was studied by Raman spectroscopy. The Raman spectra 

obtained with 785 nm excitation were normalized to the 1452 cm-1 peak after baseline 

correction. The C=C and C=O peaks at 1638 and 1730 cm-1 were fitted using Lorentzians. 

Raman spectra of the FITC solution (before and after irradiation), pure DEGDMA, and 

FITC/DEGDMA composites prepared with 10 kGy irradiation dose and different FITC 

concentrations are shown in Figure 33. The FITC spectra recorded before and after irradiation 

are very similar, showing that the dye structure is neither destroyed nor altered remarkably upon 

gamma radiation. Some changes can, however, be observed after the irradiation: the broad peak 

around 827 cm-1 (peak ’a’) almost completely disappeared, the relative intensity of the peak at 
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980 cm-1 (peak ’b’) is decreased, while the shoulder at 1280 cm-1 (peak ’c’) became weaker. 

These changes indicate that some structural alterations occurred after the treatment. 

The Raman spectra of the composites are dominated by the DEGDMA peaks and only the 

strongest FITC peak (peak (b’)) can be detected there, the intensity of which increases with 

FITC concentration. 

Analysis of the C=C Raman peak of DEGDMA (peak ’d’ in Figure 33) allows to study 

the effect of the dye on the conversion rate of the DEGDMA matrix. The peak intensities were 

obtained by fitting of the 1638 cm-1 peak and its subsequent normalization on the fitted 1452 

cm-1 band of the polymer frame not affected by the irradiation [30]. As Figure 34 shows, the 

conversion is remarkably higher upon the addition of FITC (Figure 34a shows the change of 

the vinyl peak area, so the lower the value, the lower the amount of vinyl groups and higher the 

conversion). Since DEGDMA is a monomer with two vinyl groups, this means the formation 

of a matrix with a higher level of cross-linking, which can be attributed to the inhibition and 

termination effect of the FITC discussed above. If the involvement of a new monomer molecule 

from the solution is hindered by the dye, the probability of bond formation inside the polymer 

matrix increases. Figure 34b shows the calculated DC of DEGDMA at different concentrations 

of FITC by using Eq. (22). 

 

Figure 34: Polymer conversion rate of DEGDMA calculated from the intensity of the Raman peak of 

the vinyl group at 1638 cm-1 as a function of the FITC concentration, (at 10 kGy irradiation dose). 

Figure 35a shows the photograph of the vials containing the gamma radiation-treated 

sample. It can be seen that the suspension prepared with 0 vol% FITC is the whitest and has the 

highest opacity. As the FITC concentration increases the color of the sample gradually changes 
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to yellow and it becomes more transparent. This behavior can be seen on the UV–Vis 

transmittance spectra (Figure 35b) that gradually increases with FITC concentration. In addition 

to the overall increase of the transmittance, the shape of the curve also changes between 540 

and 900 nm. The transmittance is above 40% in this region for the sample prepared with 20 

vol% FITC concentration. 
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Figure 35: (a) Photograph of gamma-irradiated FITC/DEGDMA composite showing the gradual 

increase of the light transmittance (the suspension in the vials were washed three times), (b) UV–Vis 

spectra of FITC/DEGDMA composite microparticles with different concentrations of FITC. 

Figure 36 compares the photoluminescence excitation–emission spectra of pure 

DEGDMA and composite FITC/DEGDMA microparticles and the FITC before and after 

irradiation. DEGDMA has one strong emission peak around 450 nm that can be excited 

efficiently around 400 nm. The emission band of FITC is located in the 500–540 nm region and 

can be excited in the region of 440–470 nm. The same emission peak can be observed in the 

spectrum of the composite, which is a clear indication of the presence of FITC in the particles. 

However, while the emission still can be excited in the region mentioned for the FITC above, 

its highest efficiency is shifted to 410–430 nm. This difference suggests that the dye molecules 

are not only entrapped in the polymer matrix but form new structural units with electronic levels 

involved in the new PL excitation mechanism. 

 

(a)                                                                         (b)   



64 
 

 

 

 

 

 

Figure 36: Photoluminescence excitation-emission spectra of (a) pure DEGDMA, (b) composite 

FITC/DEGDMA microparticles, (c) FITC before irradiation, and (d) FITC after irradiation. 

The change of the PL emission peak intensity of FITC excited at 488 nm with FITC 

concentration is shown in Figure 37. The emission peak position was found to be shifted to 516 

nm, compared to the 525 nm value of pure FITC. The values were obtained by fitting of the 

peak with Gaussian and normalization to the PL emission peak of DEGDMA, fitted with 

Gaussian as well. It can be seen that the relative peak intensity increases with FITC 

concentration. Whilst the dependence is not linear, the trend definitely indicates the relation of 

the emission peak with FITC and the incorporation of the dye into the polymer microparticles. 
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Figure 37: Intensity ratio of luminescent FITC/DEGDMA composite microparticles prepared from 5 

vol% DEGDMA monomer with different concentrations of FITC. The irradiation dose was 10 kGy. 

The performance of the fabricated fluorescent FITC/DEGDMA microparticles prepared 

by gamma-induced polymerization was tested with the LSFM system built by me. First of 

all, after the alignment of the system, standard fluorescent polystyrene (FPS) microparticles of 

different sizes were used to calibrate the system. Figure 38 shows the image stacks recorded by 

the LSFM system for FPS with sizes of 2 and 6 µm along different detection lengths (depths) 

around the focal plane. A 632 nm excitation wavelength was used for illumination of the 

particles with a 650 nm long-pass filter. 

Figure 38a explains the Gaussian mode of laser intensity predicted in the LSFM of the 

FPS microparticles. This means the fluorescence emission/scattered light from the 

microparticles sample will have a maximum in the focal plane, which makes the image of the 

sample as clear as possible. In contrast, the intensity of the light sheet decreases gradually 

outside the focal plane on the left and right sides along the detection axis. While Figure 38b 

depicts the sample moving along the Z-axis, this alters the clarity of the image on the CCD 

camera. In other words, the focal point of the specimen is at Z= 0, where the image is 

bright, while Z- & Z+ represent the movement of the sample up and down from the 

focal point, respectively. 
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Figure 38: Gaussian-mode of laser intensity predicted in the LSFM of the FPS microparticles sample 

(a) and image stack of FPS microparticles with sizes of 2 and 6 µm recorded along the detection length 

(b). The excitation laser was 633 nm. All the images are of the same magnification. 

On the other hand, Figure 39 shows the optical microscopy and LSFM images recorded 

on the FITC/DEGDMA composite microparticles prepared by gamma polymerization. These 

microparticles were fabricated from 5 vol% DEGDMA monomer with 20 vol% FITC content 

and the irradiation dose was 10 kGy. Based on the excitation-emission spectra (Figure 36b), a 



67 
 

488 nm excitation wavelength and a 500 nm fluorescent emission filter were used. It seems 

there is a good agreement with the fluorescent emissions detected by the built LSFM system 

with PL spectra. This may prove the sensitivity of the constructed LSFM system for imaging 

fluorescent particles even with a size of less than a micron, which may be in good agreement 

with the calculated lateral and axial resolution for the LSFM system ( 0.5 µm lateral and 0.7 

µm axial resolution, according to Eqs. (1) and (2)). 

 

Figure 39: (a) Optical microscopy and (b) LSFM images of fluorescent FITC/DEGDMA composite 

microparticles prepared from 5 vol% DEGDMA monomer with 20 vol% FITC content under 

irradiation dose of 10 kGy. The LSFM has been performed with 488 nm excitation laser. 
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In conclusion, fluorescent FITC/DEGDMA microparticles were synthesized 

successfully by gamma radiation-initiated precipitation. It was found that the addition of the 

dye to the monomer mixture increases the size and distorts the spherical shape of the particles. 

The FITC emission peaks were observed in the photoluminescence spectrum of the 

composite, with an extended excitation wavelength range. Moreover, the LSFM imaging of 

fluorescent FITC/DEGDMA microparticles showed good agreement with PL spectra. 

4.3. Nanogold-capped poly(DEGDMA) microparticles as surface-enhanced Raman 

scattering substrates for DNA detection 

This work is aimed at the fabrication of polymeric microparticles decorated with gold 

nanoparticles and the investigation of their SERS enhancement properties. Firstly, gamma 

radiation-initiated polymerization [T2] has been used to prepare polymeric microparticles of 

DEGDMA monomer and ethyl propionate solvent then the prepared particles were 

functionalized with gold nanoparticles. 

 

Figure 40: SEM images of poly(DEGDMA) microparticles (a) without AuNPs and (b) decorated 

with AuNPs. The polymeric particles were prepared from 5 vol% DEGDMA monomer and 95 vol% 

ethyl propionate solvent, irradiated with 10 kGy. 

Figure 40a shows the SEM image of polymeric microparticles prepared from 5 vol% 

DEGDMA monomer according to the method detailed in Section 3.2. The micrometer-sized 

particles are of spherical shape, and the average particle size was found to be about 0.9 μm. 

Particles from the same batch, but after functionalization with thiol group and decoration with 

gold nanoparticles are shown in Figure 40b, the SEM image shows a uniform coverage of the 
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microparticle surface with AuNPs. The 40 nm gold nanoparticles seem to be aggregated, and 

the clusters are localized on the polymer surface in a 100-200 nm distance from each other. 

According to the SEM pictures, the average size of the aggregated gold nanoparticles is 120 ± 

27 nm. 

 

Figure 41: UV-Visible absorption spectra of (a) colloid AuNPs with 40 nm diameter, (b) 

poly(DEGDMA) microparticles, (c) poly(DEGDMA) microparticles decorated with AuNPs, and the 

inset shows differential absorption spectrum of [poly(DEGDMA)/AuNPs – poly(DEGDMA)]. 

UV-Vis absorption spectroscopy was used to determine the spectral position of 

the plasmon resonance of poly(DEGDMA)/AuNP composite. Figure 41 compares the 

absorption spectra of the colloidal AuNPs with 40 nm size and poly(DEGDMA) microparticles 

with and without AuNPs decoration. It is clear that the dominant absorption band of colloidal 

gold nanoparticles located at 525 nm is related to the plasmon excitation [146]. The non-coated 

poly(DEGDMA) suspension is semitransparent; no definite absorption peak was detected in the 

visible region. Its absorption has a maximum at 360 nm and decreases towards higher 

wavelengths. Similar general behavior can be seen for the decorated poly(DEGDMA) 

microparticles, however, small but recognizable bands appear between 500 and 650 nm, as well 

as between 700 and 900 nm in the absorption spectrum. (These are more visible in the inset of 

Figure 40 showing the differential absorption of the microparticles suspension with gold 

decoration and without it). These features are related to the gold NPs attached to the 
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microparticle surface. The maximum of the first plasmon resonance peak is shifted towards 

higher wavelengths (to 550 nm), which can be related to the aggregation and to the change in 

the dielectric properties of the surrounding medium of NPs, caused by the presence of the 

polymer matrix [147,148]. The appearance of the second plasmon peak above 700 nm is 

definitely due to the formation of nanoparticle aggregates. 
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Figure 42: Raman spectrum of R6G solution on a flat gold substrate. The measurement conditions 

were 5 mmol/L concentration, 785 nm excitation, and 10 s exposure time. 

To evaluate the SERS performance of AuNPs decorated polymer microparticles R6G was 

used as an analyte for Raman spectroscopic investigations. Firstly, the Raman spectrum of pure 

R6G solution with 5 mmol/L concentration was measured as a reference on a flat gold substrate 

with 785 nm excitation laser and 10 s exposure time. According to Figure 42, many peaks can 

be identified in the measured spectrum of R6G, including the medium intensity peak at 611 cm-

1 to the band with highest intensity at 1511 cm-1. The Raman bands at 611, 770, and 1182 cm-1 

can be attributed to the C-C-C ring in-plane vibration mode, the C-H out of-plane bending 

mode, the C-H in-plane bending mode of the R6G molecule, respectively. The band at 1311 

cm-1 results from the N-H in-plane bending mode, while those at 1362, 1511, and 1648 cm-1 are 

due to in-plane C-C stretching mode of the R6G molecule [121]. 
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In the next step, 5 µL of bare and AuNP decorated poly(DEGDMA) microparticle 

suspension was deposited on silicon substrate by drop-casting and left to dry at room 

temperature for 24 hours. Then, the SERS spectra recorded on poly(DEGDMA) microparticles 

decorated with AuNPs were evaluated using 2 µL aqueous solution of R6G molecules with a 

concentration of 5 mmol/L. Figure 43 compares the normal Raman and SERS spectra of R6G 

recorded on poly(DEGDMA) microparticles and poly(DEGDMA)/AuNPs composite, 

respectively. As a result of the attachment of AuNPs to the surface of poly(DEGDMA) 

microparticles (red curve in Figure 43) a giant enhancement for all Raman bands can be 

observed, which is especially spectacular for peaks at 1311. 1362, 1511, and 1648 cm-1. In other 

words, the signal of R6G was enhanced due to the formation of SERS “hot spots” on the 

polymeric microparticles composite. 
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Figure 43: Normal Raman and SERS spectra of R6G solution with a concentration of 5 mmol/L 

applied on poly(DEGDMA) and poly(DEGDMA)/AuNPs composite, respectively. The spectra were 

recorded with 785 nm excitation and exposure time of 10 s. [The highlighted light blue bars indicate 

the Raman bands of R6G]. 

The SERS spectra of 5 mmol/L R6G dye were investigated with different excitation 

wavelengths as well. Figure 44 compares the Raman spectrum of the dye on 

poly(DEGDMA)/AuNPs microparticles composite with 532, 633, and 785 nm excitations. 

Throughout the measurements, the same laser power of 0.2 mW was used for all three 
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wavelengths. It can be seen that the 785 nm excitation gives higher enhancement than 632 nm. 

On the other hand, no Raman scattering can be detected with 532 nm. Based on the above 

results, it can be concluded that the 785 nm excitation is the most appropriate to excite SERS 

on of the prepared microparticle composites. This wavelength is the closest to the plasmon 

absorption maximum of the samples (Figure 41 insert). 
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Figure 44: SERS spectra of 5 mmol/L R6G dye dripped on poly(DEGDMA)/AuNPs composite 

measured with 532, 633, and 785 nm excitations. [The dashed lines characterize the Raman bands of 

R6G]. 

SERS spectra of R6G dye for concentrations between 0.02 and 5 mmol/L were measured 

to assess the sensitivity of the poly(DEGDMA)/AuNPs composite SERS substrate. As shown 

in Figure 45a the intensity of the Raman peaks depends on the concentration of R6G but can be 

quite well detected even for the lowest concentration of the analyte. The main R6G peaks and 

their concentration dependence is shown in Figure 45b. The SERS intensity increases with the 

concentration of the dye and the enhancement effect shows a tendency of I1311 > I770 for all the 

measured concentrations, while the enhancement of I1362, I1511, and I1648 are similar for the 

concentrations of 0.1, 1, 3, and 5 mmol/L. 
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Figure 45c presents the change of the 1311 cm-1 peaks intensity as a function of R6G 

concentration. The inset shows that the intensity dependence has a nearly linear behavior on the 

logarithmic scale. 

 

Figure 45: (a) SERS spectra of R6G dye solutions with different concentrations between 0.02 and 5 

mmol/L deposited onto poly(DEGDMA)/AuNPs composite, (b) the intensity of the 770, 1311, 1362, 

1511, and 1648 cm-1 Raman bands as a function of R6G concentration, and (c) variation of peak 

intensities of the 1311 cm-1 band as a function of the R6G concentration. The inset shows the same on 

a logarithmic scale (3 measurements were performed on each sample). 

To evaluate the SERS capability of poly(DEGDMA)/AuNPs composite, the analytical 

enhancement factor was calculated for the proposed composite at 1311 cm-1 peak by using Eq. 

(21), the normal Raman spectrum of R6G (Figure 43), and the SERS spectrum corresponding 

to the smallest detectable concentration of R6G (Figure 45). The obtained value for AEF is 4.4 

* 103 (ISERS = 6737 (a.u.), CSERS = 0.02 mmol/L, IRS = 379 (a.u.), and CRS = 5 mmol/L). 
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Figure 46: (a) SERS spectra of R6G of 5 mmol/L concentration recorded in five random points (and 3 

measurements in each point) on the poly(DEGDMA)/AuNPs composite sample surface and (b) 

comparison of the Raman intensities of the 1511 cm−1 peak. 

To evaluate the uniformity of the poly(DEGDMA)/AuNPs SERS substrate, Raman 

spectra were measured randomly at different points on the sample surface. Figure 46a displays 

SERS spectra of R6G with 5 mmol/L concentration at five different points. The intensity of the 

Raman peaks of the analyte shows a small variation (Figure 46b), which indicates good 

uniformity of the distribution of the gold nanoparticles and the poly(DEGDMA) microspheres 

on the substrate (as also shown in the SEM images, Figure 40). 

On the other hand, more representative information for the prepared polymer composite 

was reported, SERS spectra of poly(DEGDMA)/AuNPs composite as a function to the 

excitation power were investigated. Figure 47a shows the power-dependent SERS spectra of 

5*10-3 mol/L R6G measured at room temperature. Figure 47b shows the changes of intensity 

for 1511 and 1135 cm-1 peaks as a result of applying different excitation laser powers. In Figure 

47b, it is clearly seen that there are two regimes for the peak intensity behavior for both studied 

Raman bands. In the first regime, a noticeable linear increase can be observed with increasing 

the laser power up to 0.4 mW. AuNPs create local hot spots that may generate strong 

electromagnetic fields in the result of which the Raman signal is enhanced[149]. Further 

increase of the excitation laser power leads to a gradual decrease of the peak intensities. It may 

indicate a noteworthy rise of the local temperature at the vicinity of hot spots that could quench 

the Raman scattering process of the analyte [150–152]. 
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Figure 47: (a) Power-dependent SERS spectra of 5*10-3 mol/LR6G applied on 

poly(DEGDMA)/AuNPs composite and (b) peak intensity at 1511 cm-1 as function of excitation laser 

power. The measurements were performed using 785 nm laser with five different powers 0.00004 

mW, 0.02 mW, 0.04 mW, 0.2 mW, 0.4 mW, and 2 mW. 

 

Figure 48: (a) SERS spectra of 5 mmol/L R6G deposited onto poly(DEGDMA)/AuNPs composite 

collected after storage times of 0 - 60 days, and (b) SERS intensity of the 1511 cm−1 R6G SERS peak 

as a function of storage time. 

Furthermore, the aging and temporal stability of the SERS substrates is another characteristic 

parameter, important for the applications. Figure 48a shows the SERS spectra of 5 mmol/L R6G 

deposited onto poly(DEGDMA)/AuNPs composite as a function of the time, starting from a 

fresh sample till 60 days with 785 nm laser excitation. The spectra are very similar, and no 

significant changes can be observed in the spectrum. The variation of the intensity of the SERS 

peak at 1511 cm-1 with time is shown in Figure 48b. This is some 20% decrease in the intensity 

in the first 10 days, but it reaches a plateau after that. 
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As an application, the SERS performance of poly(DEGDMA)/AuNPs was evaluated by 

using probe- and target-DNA molecules that form a specific sequence from the parasite Giardia 

lamblia (the β-giardin gene) [153]. SERS measurements of DNA were performed at 785 nm 

excitation wavelength on poly(DEGDMA)/AuNPs composite sample with an acquisition time 

of 5 s and accumulations of 5. Figure 49 shows the obtained SERS spectra of DNA attached to 

poly(DEGDMA)/AuNPs composite. The detected peaks are in good agreement with Raman 

bands associated with the bases (adenine (A), cytosine (C), guanine (G), and thymine (T)) or 

the sugar-phosphate backbone (deoxyribose) reported in the literature [154–158]. Table 8 

shows the assignments of the main Raman bands of DNA. 

 

Figure 49: SERS spectra of DNA applied on poly(DEGDMA)/AuNPs composite. The excitation was 

785 nm, exposure time 5 s, and accumulations 5. 

Figure 49 presents the Raman spectra of the DNA are different that is might be due to the used 

protocol of the DNA measurements included the preparation of the probe-DNA sample on the 

poly(DEGDMA)/AuNPs by the immobilization of single stranded DNA on the gold surface, 

followed by the addition of the target-DNA to the solution. The spectra recorded for the two 
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samples are different because of the differences in the sequences. The base sequence of the 

probe-DNA is CGTACATCTTCTTCCTTTTT-[ThiC6]; while that of the target-DNA 

is AGGAAGAAGATGTACGACCA. There are more T and C oligos in the probe-DNA, while 

the target-DNA is dominated by A and G oligos, and this is reflected in the Raman spectra as 

well. 

Table 8: Raman bands of DNA and their assignments. Adenine (A), cytosine (C), guanine (G), thymine 

(T), and the sugar-phosphate backbone (Deoxyribose). 

Raman shift (cm-1) Assignment Reference 

630 Phenylalanine [154] 

693 G [155] 

729 T [156] 

948 G [157] 

966 A, G [157] 

996 A, C [157] 

1097 DNA backbone [156] 

1160 Deoxyribose [156] 

1509 A, C [155] 

1545 G [155,157] 

1575 A, G [158] 

 

In conclusion, a method has been developed to fabricate SERS substrate consisting of 

DEGDMA polymer microparticle support decorated with gold nanoparticles on the surface. The 

comparative Raman study on SERS-active and non-SERS-active microparticles revealed that 

the intensities of the rhodamine 6G peaks were significantly increased due to localized plasmon 

resonance caused by AuNPs linked to polymeric microspheres in the SERS-active 

microparticles. The composite showed good SERS sensitivity compared with free AuNPs, with 

a SERS EF value of 4.4*103 by detecting 20 µmol/L concentration of the R6G dye. The 

poly(DEGDMA)/AuNPs substrate was demonstrated to be stable for more than 60 days in 

SERS experiments. The SERS performance of the substrate was demonstrated with the 

application to a DNA sequence, which also proved the possibility of utilizing the 

poly(DEGDMA)/AuNP substrate for biosensing applications. 
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5. Summary 

Spectroscopy is an interesting research field because of its wide applications areas. 

Therefore, in my doctoral thesis, I was centering on the preparation and laser spectroscopic 

characterization of polymeric microparticles for different applications. Firstly, I prepared 

microparticles and estimated their optimal preparation conditions, then developed them to 

fabricate fluorescent microparticles to be used in imaging. Secondly, I obtained a new 

composite of polymer microparticles covered with gold nanoparticles to be used in surface-

enhanced Raman spectroscopic applications to detect certain biomolecules. 

The first step of my doctoral research work was to study the reaction kinetics of 

DEGDMA monomer in different solvents upon gamma irradiation with different doses and to 

determine the dose dependence of the degree of conversion with Raman spectroscopy and mass 

difference measurements. Both methods showed good agreement in the DC, therefore, the 

Raman method was found to be an excellent method of choice to determine the conversion rate 

of the polymer by a non-contact, non-destructive and, in terms of realization, simple manner, 

having the potential for real-time remote monitoring in the irradiation chamber. The results 

were fitted using the Avrami equation, and the observed variations in reaction rate were 

attributed to the fact that the DEGDMA polymerization process behaves differently in alcohols 

and other solvents, as determined by their solubility values. 

In the second phase, I synthesized polymeric microparticles of DEGDMA monomer with 

ethyl propionate solvent by gamma radiation-initiated precipitation polymerization firstly, then 

FITC dye was incorporated into the polymer matrix to form luminescent FITC/DEGDMA 

microparticles. The morphology, size, bonding configuration, and emission properties of the 

microparticles were investigated by using SEM, Raman, PL spectroscopy, and LSFM, 

respectively. It was found that the structure of the FITC was preserved after the irradiation and 

the obtained microparticles have good emission properties.  

In the last part of my study, I have developed the method to synthesize SERS enhanced 

substrate by attaching gold nanoparticles to polymeric microparticles prepared by gamma 

radiation-initiated polymerization. Firstly, I fabricated poly(DEGDMA)/AuNPs composite and 

investigated their enhancement efficiency as a SERS substrate using R6G the common 

fluorescent probe dye. Secondly, the practical applications of proposed SERS substrates were 

tested by DNA strand-specific to the parasite Giardia lamblia (the β-giardin gene). 
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The new scientific results achieved during my doctoral research work are summarized in the 

following points: 

1- I studied the polymerization kinetics of diethylene glycol dimethacrylate (DEGDMA) 

upon gamma radiation in different solvents with Raman spectroscopy and mass 

difference measurements [T1].  

(i) I found that the rate of polymerization strongly depends on the type of the solvent, 

and the process is faster in alcohols than in acetone, ethyl acetate, and ethyl 

propionate. This behavior was explained by the difference in the solubility 

parameters of the solvents.  

(ii) By the detailed analysis of the Raman spectrum of DEGDMA with irradiation 

dose, I showed that there are intact C=C bonds in the polymer structure even 

well after reaching the plateau in the conversion curve. This indicates the 

presence of partially polymerized or entrapped monomer molecules in the 

formed structure. The C=C Raman peak intensity was found to correlate with 

the type of the solvent and the reaction rate of polymerization, being smaller 

for alcohols than for acetone, ethyl acetate, and ethyl propionate. 

 

2- I developed a method to synthesize fluorescent microparticles by incorporating 

fluorescein isothiocyanate isomer-I (FITC) dye into the diethylene glycol 

dimethacrylate (DEGDMA) polymer network by gamma radiation-initiated 

polymerization [T2, T4, T5]. 

(i) I found that the addition of the dye to the DEGDMA monomer mixture increases 

the size and alters the spherical form of the resulting particles.  

(ii) I demonstrated that the emission properties of the obtained micro-objects are in 

good agreement with those of the FITC, but with an extended excitation 

wavelength range, that can be attributed to the interconnection between the 

FITC molecules and the polymer structure. 

  

3- I developed a method to synthesize surface-enhanced Raman spectroscopic (SERS) 

substrate by attaching gold nanoparticles (AuNP) to the polymeric diethylene glycol 

dimethacrylate (DEGDMA) microparticles prepared by gamma radiation-initiated 

polymerization [T3, T6]. 
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(i) I showed that the DEGDMA/AuNP composite has two plasmonic peaks in the 

absorption spectrum. The 550 nm band can be attributed to single gold 

nanoparticles, and the 700 nm one to their aggregates.  

(ii) By studying the surface enhancement properties of the substrate with Rhodamine 

6G (R6G) molecule I found that for 785 nm excitation wavelength its 

enhancement factor is 4.4*103 and the detection limit with 20 µmol/L, and it 

shows good long-time stability performance over 2 months in SERS 

experiments. I proved the SERS substrate’s biosensing capability through the 

detection of DNA sequences. 
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Appendix A  

LSFM system that was built and used in the study. 
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Appendix B 

Images of the self made tools for the LSFM. 

Description Image Manufacturer 
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