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ABSTRACT 
 

The increase of infections by multi-drug resistant pathogens has become an important 

worldwide healthcare issue that requires the development of new strategies to prevent biofilm 

formation and to kill bacteria.  

In this context, the aim of this thesis was the design of complex nano-structures to 

control cells adhesion to surfaces and to inactivate pathogenic bacteria. To this end, we propose 

different strategies relying on the use of i) micro-structured plasma polymerized styrene (pPS) 

films, ii) particle-based photodynamic therapy combined with a pulsed laser in the near infrared 

(NIR) region and iii) ampicillin-functionalized, fluorescent carbon dots (CDs) as possible 

solutions for bacterial killing. 

Firstly, we performed a detail characterization of pPS films used as substrates to study 

the behavior of biological systems. A special attention was devoted to pPS films stability in 

biological media. The pPS films topography has changed during the immersion, the surfaces 

became microporous, resembling a honeycomb pattern. Our results proved the complexity of the 

processes occurring at the interface biological media/plasma film and particularly the role of 

topography which mediates cell response, preventing Escherichia coli (E.coli) colonization and 

biofilm formation.  

Secondly, we demonstrated that gold nanorods surrounded by an indocyanine green-

embedded silica shell (Au NRs@SiO2-ICG) display an enhanced capacity to kill pathogenic 

bacteria under 810 nm pulsed-mode laser irradiation. We achieved a 6 log10 reduction in E. coli 

LF82 viability by using composite gold nanorods displaying a plasmonic band at 900 nm, 

without any photothermal effects. The results revealed that the amount of generated singlet 

oxygen (
1
O2) is highly sensitive to the indocyanine green (ICG) concentration loaded to the silica 

shell and fine tuning of the plasmonic structures seems to enhance the photodynamic therapy 

efficiency.  

Thirdly, we examined the bactericidal activity of amino functionalized carbon dots, 

covalently functionalized with ampicillin. The results showed that the ampicillin conjugated 

fluorescent carbon dots (CDs@Amp) exhibit enhanced antibacterial activity against Gram 

negative bacteria strains. The minimal inhibitory concentration of CDs@Amp conjugate was 

significantly reduced when compared to free ampicillin. The bioimaging properties of carbon 

dots (CDs) and the antibacterial function of ampicillin were integrated into a single system.  

 

 

 

 

 

 

Keywords: Micro-structured polystyrene, antibiofouling, pathogens, photodynamic therapy, 

enhanced antibacterial activity  
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RÉSUMÉ 

L‟augmentation des infections causées par des pathogènes résistants aux médicaments 

est devenue un problème de santé majeur dans le monde entier qui impose le développement de 

nouvelles stratégies destinées à empêcher la formation de biofilms et à éliminer les bactéries.  

Dans ce contexte, l‟objectif de cette thèse a été la préparation de nanostructures 

complexes pour contrôler l‟adhérence des cellules à des surfaces et inactiver les bactéries 

pathogènes. Ainsi, nous proposons différentes approches qui consistent en l‟utilisation de : i) une 

couche micro-structurée de polystyrène polymérisé à l‟aide d‟un plasma (pPS), ii) la thérapie 

photodynamique à base de nanoparticules hybrides activées par un rayon laser dans le proche 

infrarouge (NIR) et iii) des nanoparticules de carbone fonctionnalisées par l‟ampicilline, comme 

solutions possibles pour éliminer les bactéries.  

D‟abord, nous avons réalisé une caractérisation détaillée de couches de polystyrène 

polymérisé par plasma, utilisées comme substrats pour étudier les comportements des systèmes 

biologiques. Une attention particulière a été dédiée à la stabilité des films de polystyrène dans 

des milieux biologiques. Au cours de l‟immersion, la topographie des films de polystyrène est 

modifiée, les surfaces deviennent microporeuses. Nos résultats montrent la complexité des 

processus qui se produisent à l‟interface milieu biologique/polymère, notamment l‟importance de 

la topographie de surface sur la réponse des cellules et la colonisation bactérienne. 

Ensuite, nous avons démontré que des nano-bâtonnets d‟or recouverts d‟une couche 

mince de silice chargée en vert d‟indocyanine (Au NRs@SiO2-ICG) ont une capacité accrue 

pour éliminer les micro-organismes pathogènes par irradiation au moyen d‟un laser pulsé ayant 

une longueur d'onde de 810 nm. Nous avons obtenu une réduction de 6 log10 de la concentration 

de Escherichia coli (E. coli) sans effet photo-thermique. Les résultats ont montré que la quantité 

d‟oxygène singulet produite est directement liée à la quantité de vert d‟indocyanine incorporé 

dans la couche de silice et le choix de la longueur d‟onde d‟irradiation semble augmenter encore 

l‟efficacité de la thérapie photodynamique.  

Enfin, nous avons évalué les propriétés antibactériennes de nanoparticules de carbone 

fonctionnalisées avec l‟ampicilline. Les résultats ont démontré que l‟ampicilline conjuguée aux 

nanoparticules de carbone (CDs@Amp) présente une activité antibactérienne élevée comparée à 

l‟ampicilline libre. La concentration minimale inhibitrice (CMI) de CDs@Amp a été 

considérablement réduite. La combinaison des propriétés de fluorescence des nanoparticules de 

carbone et les propriétés antibactérienne de l‟ampicilline dans un même système permet de 

synthétiser un système multifonctionnel. 

Mots clés: Polystyrène micro-structuré, antibiofouling, pathogènes, thérapie photodynamique, 

activité antibactérienne accrue 

http://www.linguee.com/french-english/translation/pathog%C3%A8nes.html
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INTRODUCTION  

Biofouling is a serious problem in domains such as bio-medicine (e.g. biosensors, 

biomedical devices), food processing, marine industry or for water filtration and purification 

systems. For this reason, there is a growing interest for the design and processing of new 

antibacterial surfaces or to improve the performance of existing surfaces.  

The antibacterial surfaces can be classified in antibiofouling and bactericidal surfaces, 

according to their action mode. The antibiofouling surfaces prevent the attachment and 

accumulation of unwanted biomolecules and living organisms, while biocidal surfaces are those 

that kill cells. [1-3] 

Plasma polymerization, surface treatment and material etching have become particularly 

attractive for the design of antibacterial coatings because they have the advantage to modify the 

surface chemistry without affecting the material bulk properties. Moreover, the material surface 

properties, like chemical composition, roughness or wettability can be tailored by tuning the 

plasma parameters, the gas composition or the reactor geometry. Plasma etching can be 

employed to obtain various kinds of nano- and micro-structured surfaces [4], while plasma 

polymerization allows to deposit films with different domains, from cell-repulsive to cell-

adhesive area [5] hydrophilic alternating with hydrophobic regions [6] or antibacterial coatings 

[2, 7]. Particularly, plasma modified surfaces were used to attach or to incorporate biocidal or 

bacteriostatic molecules, including natural compounds [8-11] or silver ions and others 

nanoparticles [12-14]. 

Plasma polymerization is a versatile technique used to synthesize organic, inorganic and 

hybrid coatings on complex shaped substrates, under dry conditions. Plasma polymers present a 

more random structure and a higher degree of cross-linking and branching, in contrast with their 

counterparts polymerized by conventional methods. Currently, there is a growing interest in the 

synthesis of hybrid films using the non-thermal atmospheric pressure plasma because it does not 

require expensive and time consuming vacuum systems. 

In this thesis, we performed a detailed characterization of plasma polymerized styrene 

(pPS) films used as substrate to study the behavior of eukaryotic and prokaryotic (bacteria) cells. 

The films were synthesized in a dielectric barrier discharge reactor, working in argon/styrene and 

helium/styrene gas mixture at atmospheric pressure. A special attention was devoted to pPS 

films stability in air and in aqueous environments. A comparative characterization of plasma gas 

phase and of coatings was carried out in order to establish a correlation between plasma gas 

phase and films properties. The deposition parameters were optimized according to the film 

stability in aqueous media. The low biofouling behavior of plasma polymerized styrene films 

have been tested towards three adherent cells line, including HeLa, U-87 MG and HEK-293 

cells. In addition, the capacity of the coatings to prevent the bacteria adhesion and biofilm 

formation was determined using Escherichia coli strain LF82.  

Our results prove the complexity of the process occurring at the interface cell/material 

and particularly the role of topography which mediates cell response. 

It has to be highlighted that few studies have investigated the stability of plasma 

polymerized films in aqueous media and have followed bacteria attachment and biofilm 

formation onto their surface. 

 

 
 



3 

CHAPTER 1. NON-THERMAL PLASMA TECHNOLOGY FOR 

SYNTHESIS OF ANTIBIOFOULING SURFACES 
 

1.1 FUNDAMENTAL AND APPLIED ASPECTS OF PLASMA POLYMERIZATION  

1.1.1 Basic concepts of plasma 

Plasma, a macroscopically electrically quasi-neutral medium, is known as the 4
th

 state 

of matter together with solids, liquids and gases. In 1928, Irving Langmuir (1881-1957) 

introduced the term “plasma”, a Greek word, to describe the behavior of ionized species. The 

term was borrowed from the bio-medical field, in correlation with the complex composition of 

blood plasma. Plasma in biology describes an assemblage of different molecules, like small 

molecules, proteins and nucleic acids, either inside a nucleus (the karyoplasma), a cell (the 

cytoplasm) or in the blood stream (the blood plasma). In physics, plasma is a mixture of positive 

and negative ions, electrons, photons, neutral and excited species (e.g. atoms and molecules), 

whose properties (density, energy etc.) can be set by tuning the gas composition, the plasma 

reactor geometry and the processing parameters, such as the gas pressure and flow rate, the input 

power or reactor geometry.  

Plasma is found in various forms in nature and also can be generated artificially. There 

are two main categories of plasma, equilibrium and non-equilibrium plasmas. The equilibrium or 

„thermal‟ discharges occur when the electron and gas temperatures in the plasma are 

approximately equal. Non-equilibrium or „cold‟ plasmas occur when the electron temperature is 

much higher than that of other particles, allowing electron initiated physical and chemical 

reactions. Depending on required applications, there are different methods of generating plasmas 

in the laboratory. Depending on the method, plasma have a high or low density, high or low 

temperature, it is steady or transient, stable or unstable, and so on.  

For example, the plasma can be classified according to the pressure at which it is initiated (low 

pressure, medium or atmospheric pressure) or according to the energy source used to energize 

the gas (e.g. DC, RF and MW discharges). [15-19] 

1.1.2 Atmospheric pressure plasma-status and challenges for film deposition 

In the early 1990s, the non-thermal atmospheric pressure glow plasma technology was 

developed [20]. Atmospheric pressure plasma (APP) is an effective source of radicals, 

metastable species, ions and photons, used in different areas of applications, such as biomedicine 

(inactivation of micro-organisms [21, 22], blood coagulation, acceleration of wound healing 

[23], tooth bleaching, action against cancer cells). Moreover, the APPJ systems are used also in 

textile industry (anti-igniters and antistatic treatment, improved dyeing qualities, water-repellent 

properties) [24], optics (antireflecting, contact lenses), chemical technology (ozone production) 

[25], decomposition of volatile organic compounds [26], astrochemistry (for simulation of 

astrochemical environments) [27-29] and in a variety of materials processes, including 

deposition, surface modification and material etching (Figure 1) [19].  

In the last years, the APPs have received increasing attention to synthesize thin 

coatings, because they do not require expensive and time consuming vacuum systems. On the 

other hand, low pressure plasmas have a low deposition rate and the surface size that can be 

treated is limited by the dimension of the vacuum chamber. Low pressure plasmas have the 

advantage of requiring only low amounts of process gas. Moreover, the films synthesized at low 

pressure are crystalline and denser compared with the organic coatings obtained at atmospheric 

pressure [30].  
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Figure 1. Surface modification induced by plasma techniques [31]. 

Plasma polymerization can be defined as “formation of polymeric materials under the 

influence of plasma‖ (Yasuda, 1985).  

Plasma polymerization is a versatile technique that exhibits many advantages, such as:  

 it is a one step process, 

 allows the synthesis of thin films using various monomers, also precursors that 

cannot be polymerized using conventional wet chemistry, with controllable 

thickness, 

 can be performed on various shaped substrates (like textiles, metal, polymers, 

glass), 

 it is environmentally friendly process, with low consumption of chemicals and 

absence of solvents,  

 the substrate can be selectively modified without altering the bulk properties and 

it is maintaining close to ambient temperature, so that thermally sensitive 

substrates are not damaged. 

Therefore, the conventional thermo-chemical polymerization techniques in contrast with 

plasma polymerization technique are multi-steps, time consuming and environmentally 

unfriendly due to a high consumption of reactants and solvents. [18, 31-34] 

Plasma polymer is an individual class of polymers that is created as a result of a passage 

of monomers gas or vapors through the glow discharge. Plasma polymers are highly branched 

and cross-linked, different from their counterparts polymerized by conventional methods and can 

be deposited as uniform films with thicknesses ranging from 10 nm to several microns.  

 Structure of plasma polymers 

Although a considerable number of investigations have been carried out on growth 

kinetics and properties of plasma films, the mechanism of their formation is still not fully 

understood. Due to the multitude of chemical reactive species, generated during polymerization, 

it is difficult to control and anticipate the final compounds chemical structure. Additional new 

units are likely created and intercalated in the organic coating structure.  

The parameters that control the material properties can be grouped into two classes, one 

associated with the substrate (temperature, presence of catalyst, material chemical composition) 

and the other one associated with the plasma parameters [35]. 

Various studies are dedicated to preserve the structure and the functional groups of the 

monomers during deposition and also to synthesize stable films with a high retention of 

functional groups using a plasma reactor operating at medium [36] or atmospheric pressure. For 

example, carboxyl (-COOH) and amine (-NH2) rich films are of high interest for the biomedical 

applications, including drug delivery and tissue engineering thanks to their high reactivity 

allowing the formation of covalent linkages between biomolecules and surface [37]. 
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Copolymerization reactions provide an alternative way to control the films solubility, 

polarity or hydrophilic/hydrophobic balance by introducing simultaneously two compatible 

gaseous vapors from a monomer solution. Atmospheric plasmas can be used easily to deposit 

hybrid coatings by introducing organic-inorganic monomers or organic-organic monomers. [38, 

39] 

Mechanism of atmospheric plasma polymerization. Plasma polymerization can take 

place in vapor phase and/or at the surface, the monomer being fragmented in reactive species 

that recombine and are deposited onto the substrate surface. In cold APPs the high density of 

reactive species results from dissociation and recombination processes, as well as photons 

emitted from de-exciting atoms.  

Methods to synthesize polymers are generally classified in two categories step-growth 

polymerization and chain growth polymerization. In contrast with the conventional thermo-

chemical polymerization techniques, plasma polymerization is an atomic process, is not 

necessary specific chemical structures. For example, nearly all organic and organometallic 

compounds polymerize in plasma. Glow discharge polymerization of organic compound seems 

to proceed by the free radical mechanism.  

The mechanism of polymerization consists of three major steps: initiation – formation 

of free radicals or atoms of monomers under the influence of plasma, polymerization 

propagation step – addition of radical atoms to other radicals or molecules leaving a growing 

radical chain and termination – similar to propagation, but ends in the final product or a closed 

polymer chain [40]. Yasuda et al. introduced a composite parameter, W/FM (energy per mass of 

monomer: W is the discharge power, F is the monomer flow rate and M is the molecular weight 

of monomer) and identified the domain of plasma polymerization (such as energy-deficient 

region, competitive region and energy-sufficient region). The discharge power per unit of 

molecule is considered to be proportional to the concentration of activated species in plasma. 

Plasma chemistry. Chemical reactions that occur under plasma conditions are very 

complex and non-specific. In general, plasma-chemical processes in a reactor can be classified 

into two basic categories, homogeneous and heterogeneous gas-phase reactions.  

The gas phase homogeneous reactions result from inelastic collisions between electrons 

and heavy species and between heavy species themselves. Some examples of the homogeneous 

reactions are given below:  

 

 excitation - *AeAe    

 dissociative attachment -   BAABe  

 dissociative ionization -   eBAABe  

 dissociation -   eBAABe  

 ionization -   eAAe 222  

 recombination - hAAe    

 charge transfer - BABA    

 associative detachment -   eABCBCA  

 penning ionization -   eBABA *  

 attachment of atoms - MABCMBCA   

 

The gas phase heterogeneous reactions occur at surface in contact with the plasma or plasma 

species which may be atoms (A or B), monomer (M), radicals (R) or polymer formed in the 

plasma phase. Typical heterogeneous reactions are adsorption, recombination, sputtering and 

polymerization. [41, 42] 
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Deposition plasma process parameters. The plasma polymers properties like thickness, 

chemical composition, morphology and stability can be tailored by controlling plasma deposition 

parameters (e.g. pulsed or CW plasma conditions, duty cycle in pulsed plasma, plasma power, 

monomer flow rate, working gas pressure and substrate position in the plasma reactor) and the 

reactor geometry as well. [32, 43-45] Retzko et al. [46] reported that cyclic, alicyclic and 

aromatic monomers yield higher deposition rates than aliphatic monomers.  
Depending on the location of the substrate on which plasma polymerized films is deposited, 

there are two main categories of deposition ‗in discharge‘ and ‗post-discharge‘ atmospheric 

pressure plasma deposition. One of the major drawbacks of APP is the dependence of the 

applied voltage with the pressure and the distance between electrodes. This is expressed by the 

Paschen law: 

 

)ln( dpC

dpB
Vbreakdown




  

 

with d – is the inter-electrode spacing, o – the pressure, B and C – constants depending on the 

gas nature and the electrode materials. The breakdown voltage depends on the plasma gas nature 

and on the inter-electrode spacing (gap). Typically, the distance between electrodes is small, in 

the range of a few mm, to avoid elevated breakdown voltage. These limitations have contributed 

to the development of post-discharge deposition processes [43]. 

 Dilution gas. Various studies related to plasma polymerization have been performed 

by employing argon (Ar) or helium (He) as carrier gas, or an inert/reactive gas mixture.  

Monomers. The monomers gas or vapors could be injected into the plasma reactor 

using a classic bubbler system. In the case of aerosol-assisted plasma deposition, known as 

atmospheric plasma liquid deposition technique, the liquid monomers are transported in the 

discharge as a finely dispersed aerosol [30]. 

Plasma reactors. A variety of atmospheric pressure plasma reactors are being 

investigated for thin films deposition, including DBD, plasma torch or plasma jet (Figure 2). In 

addition, plasma polymerization is highly system-dependent, the final products depending on 

operational conditions and reactor geometry [47]. 

Dielectric barrier discharges (DBDs). DBDs (called silent discharges) are typically 

generated between two electrodes (parallel plates, pin-to-plane, coaxial cylinders, etc.) separated 

by a gap and at least one of the electrodes is covered with a dielectric material, such as glass, 

quartz, ceramics or polymer, materials with low dielectric loss and high breakdown strength, to 

help to stabilize the discharge. Depending on the applied voltage and working gas, the gap varies 

from 0.1 mm to several centimeters. The charges accumulated on the dielectric layer help to 

sustain the discharge at lower voltage with amplitude between 10 kV and 100 kV and a 

frequency of a few Hz to MHz. The current is from a few mA up to several tens of mA. DBDs 

are operated in different gases, in noble gases such as helium or argon or gas mixtures such as 

He-air, He-O2, He – water mixtures. Two basic configurations of DBDs can be distinguished: the 

volume discharges (VD) and the surface discharges (SD). Volume DBDs have been shown to 

operate in at least two distinct modes: diffuse and filamentary.  

(A)  (B)  (C)  
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(D)  
Figure 2. Different experimental setups used for films deposition, including (A) APPJ [48], 

(B) microplasma polymerization torch [49, 50], (C) RF APP torch [51] and the different ways to introduce the 

working gas or (D) LabLine
TM 

atmospheric pressure plasma system (http://miics.net/). [52] 

Applications. The various plasma processed surfaces are employed in many 

applications, including the production of thin-film capacitors, reverse osmosis membranes, 

optical waveguides, antireflection coatings, protective coatings, selective permeation membranes 

and functional layers for biomaterials and medical applications. [5, 53-55] In Figure 3 are 

briefly presented the main bio-medical applications of plasma processed surfaces. 

 
Figure 3. Applications of plasma processed surfaces [55]. 

Various methods could be employed for the analysis of atmospheric pressure plasma, 

including voltage-current probes, optical emission spectroscopy (OES) to get gas temperature 

from emission profiles and electron density from Stark broadening, laser absorption 

spectroscopy (LAS), two-photon absorption laser induced fluorescence (TALIF) techniques to 

determine the density of atoms, and recently molecular beam mass spectrometry to determine the 

ionic composition from atmospheric pressure plasma.  

The polymerized films were investigated by Fourier transform infrared spectroscopy 

(FT-IR), X-ray photoelectron spectroscopy (XPS), gel permeation chromatography (GPC), 

proton nuclear magnetic resonance (
1
H NMR), UV-Vis spectroscopy, water contact angle 

measurements (WCA), dielectric relaxation spectroscopy (DRS) and thermogravimetry (TG). 

http://miics.net/
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1.2 LIVING ORGANISM - MATERIAL INTERACTION 

1.2.1 BIOFOULING 

Biofouling defined as the attachment and accumulation of unwanted biomolecules, 

bacteria, cells, organisms on material surfaces, is a serious problem in bio-medicine, food 

processing or marine industry. 

Cells may be classified in two types, eukaryotic and prokaryotic (bacteria) cells, 

depending on the presence of nuclei inside the cells (Figure 4). All cells share 4 common 

components: a plasma membrane (that separates the interior of all cells from the outside 

environment), cytoplasm (comprises the cytosol and the organelles), DNA (deoxyribonucleic 

acid, the cell genetic material) and ribosomes (particles that synthesize proteins). If the bacteria  

range in diameter from 0.1 – 5 m, the eukaryotic cells tend to be 10 to 100 time the size of 

prokaryotic cells.  

 
Figure 4. Comparison between prokaryotic and eukaryotic cells (2001, Sinauer Associates, Inc.). 

A. Eukaryotic cells-surface interactions 

Most cells derived from solid tissues are adherent, requiring a substrate upon which 

they can attach, grow and divide [56]. The cell adhesion to a surface proceeds in a number of 

steps, including: 

 the protein adsorption, the first event that takes place after the material surface 

comes into contact with biological fluids, 

 the attachment which occurs rapidly and involves short-term events 

 and the adhesion phase which occurs over longer periods and involves various 

biological molecules (extracellular proteins, cellular membrane and cytoskeleton proteins), 

which interact together to induce the subsequent response in terms of migration and 

differentiation (Figure 5). Fibronectin and vitronectin are two adhesive proteins that may 

influence cell attachment. However, less information exists about the effects of material surface 

characteristics on the protein adsorption and cellular activity. Recent studies showed that cells 

behave differently on smooth and rough surfaces. [52, 57-59] 

 
Figure 5. Schematic of the processes occurring when a cell attaches to a surface [55]. 

 

cell 
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The surface of materials can be tailored to control cell adhesion, proliferation and 

differentiation. Moreover, the cell attachment is affected by the presence and the density of 

surface functional groups (such as hydroxyl (-OH), primary amino (-NH2) or carboxylic (-

COOH). For example, the methyl group (-CH3) is inert in terms of protein and cell adsorption, 

whereas charged groups such as –COOH and –NH2 enhance cell and protein attachment. [57, 60, 

61] 

B. Bacteria-surface interactions 

There are numerous types of bacteria, most of them being useful. For example, bacteria 

play an important role in the digestive processes; lactobacillus is used in the preparation of 

fermented foods such as cheese, pickles, soy sauce, wine and yoghurt. The ability of bacteria to 

degrade a variety of organic compounds is remarkable and for this reason it is used in waste 

processing. On the other hand, the contamination of food, water or medical equipment by 

pathogenic bacteria can cause serious health problems. For example, in the medical field, 

bacterial infection of implants and prosthetic devices constitutes more than half of hospital 

acquired infections which are expensive and complex to treat.  

Bacteria may be found in two distinct states as planktonic (free bacteria in suspension) 

and sessile cells (biofilm). Sessile bacteria provide resistance to the inhibitory effects of 

antibacterial agents (e.g. antibiotics, chlorine and heavy metals) and the immune system. In 

addition, they are a major cause of morbidity and mortality [62-67]. For example, important 

approaches for killing or inactivating bacteria include the design of photoactive surfaces, 

materials that release antibacterial agents, or surfaces functionalized with antimicrobial peptides 

or coatings that contain enzymes [68]. 

A biofilm is defined as ”a structured community of bacterial cells enclosed in a self-

produced polymeric matrix (containing polysaccharide, protein and DNA) and adherent to an 

inert or living surface‖ [69, 70]. 

The extracellular polymeric substances (EPS) play a significant role in mediating the 

bacterial colonization of surfaces by facilitating cell adhesion and cohesion with each other [31]. 

Biofilm formation takes place in a sequence of steps and is very complicated (Figure 6). The 

first step of biofilm formation is bacteria adherence and attachment response. As is illustrated in 

Figure 7, bacterial attachment is dependent on the surface properties, characteristics of the 

aqueous medium and types of cell. The following stages involve the bacteria aggregation in 

micro-colonies and subsequent growth and maturation. Final stage is characterized by a return to 

transient motility where fragments of micro-colony detach; these are carried by the bulk fluid 

until they lodge in a new location and initiates a new sessile population. [31, 69, 71] 

 

 

Figure 6. Model for biofilm formation and development [70, 72]. 
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Various investigations proved that bacteria attachment occurs most readily on surfaces 

that are rougher and hydrophobic. For example, microorganisms attach more rapidly to non-

polar surface (like Teflon) than to hydrophilic materials (like glass or metals).  

Most pathogens are hydrophilic under physiological conditions; therefore, the material 

antibacterial properties can be improved by decreasing the material water contact angle (WCA). 

Previously studies showed that the number of gram-positive bacteria are higher on the surfaces 

containing carboxylic and methyl functional groups than those containing hydroxyl functionality 

[73]. 

 
Figure 7. Variables involved in cell attachment and biofilm formation [74]. 

 

1.2.2 ANTIBIOFOULING SURFACES SYNTHESIZED BY PLASMA 

TECHNIQUES 

A. Surfaces processed by plasma for controlling cell attachment 

In recent years, various studies proved that surfaces with various oxygen-containing 

functionalities, such as hydroxyl, carboxyl and ether groups affect cells adhesion and spreading 

on surfaces. For example, plasma-deposited acrylic acid films induce attachment and growth of 

keratinocytes, osteoblasts and fibroblasts, while plasma-deposited PEO-like films prevent protein 

and cell adhesion [4, 75, 76]. Many papers indicate a close relationship between the percentage 

of ether carbon content (R–O–R′) of PEO-like films and their properties to prevent biomolecules 

adsorption and cell attachment. Sardellla et al. [77] reported that by tuning the power delivered 

to the discharge, it is possible to switch the surface character of PEO-like films from cell-

repellent to cell-adhesive (Figure 8) depositing films with high antibiofouling performance 

under soft plasma conditions. 

(A)  (B)   (C)  
Figure 8. (A) NCTC 2544 keratinocytes on polystyrene surface decorated with poly ethylene glycol-like 

films after 4 days incubation. (B) The adhesion pattern of 3T3 murine fibroblast on a substrate of PEO10W 

patterned with PEO5W coating deposited through a G50p mask after 24 h of incubation. (C) Behavior of RINm5f 

cells on microstructures of AAC plasma deposited layers onto a previously CHF3 treated substrate (as mask was 

used a TEM grid) after 24 h of incubation. [5, 6, 77] 
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Studies performed on surfaces with different topography and similar chemistry showed 

that topography affects the adsorption of proteins, and default the cell adhesion processes. The 

cell behavior on flat surfaces is significantly different from that on structured surfaces, cells 

adhering better on rougher surfaces [4]. Moreover, the influence of the shape size, organization 

and distance between nano-features need to be considered (Figure 9) and the topography 

enhances cell adhesion only if the surface chemistry allows. [52, 78-80] 

 

(A)   (B)  

 

Figure 9. (A) Typical AFM image of 27 nm high PS/PBrS island. (B) The relationship between PS/PBrS 

island size and fibroblast response [81]. 

Surface wettability, which in part reflects the surface chemistry, has an important role in 

cell behavior and the better cell adhesion is achieved for moderately hydrophilic surfaces, 

respectively for WCAs in the range of 40 - 65°. Dowling et al. [52] observed the optimum 

adhesion of MG63 osteoblast cells onto plasma deposited siloxane films of a WCA of 64°, with a 

decrease of cell adhesion on more hydrophilic or hydrophobic coatings. Rebl et al. [82] found 

the „biocompatibility window‟ of plasma polymerized allylamine (PPAAm) coatings on titanium 

surfaces between 40° and 55°. In addition, their study proved that the plasma chemical 

modification of a surface is dominant over its topography (Figure 10). The deposition of a 

PPAAm coating on Ti surface overcomes the limitation of surface topography and the cells 

spread in all direction (c), in contrast with (a,b,d) where the cells are elongated along the grooves 

and ridges features [82]. 

  
Figure 10. Alignment of MG-63 cells after 24 h on (a) untreated Ti-M, (b) Ti-M PPAAm, (c) Ti-M PEG 

DA-Col and (d) Ti-M GDA DA-Col. Actin is stained red and Ti surfaces is colored in green [82]. 

The recent studies have proved the importance of individual functional groups on cell 

adhesion and proliferation. [82] Cheng et al. [83] showed that PLLA microfibrous scaffolds 

treated with Ar plasma was more effective in increasing the proliferation rate of both bovine 

aorta endothelial cells (BAECS) and bovine smooth muscle cells (BSMCs), while the Ar-NH3/H2 

plasma treatment was more effective in promoting cell spreading. Further, the in vitro and in vivo 

cell infiltration studies proved that plasma treatments enhanced cell migration into the 



12 

microfibrous scaffolds. The in vivo experiments involved the subcutaneous implantation of 

plasma-treated PLLA scaffolds under the skin of Spragues-Dawley rats.  

Design of surfaces that stimulate or inhibit the adhesion of a specific cell type in a 

controlled way is of particular interest. In the last years, special efforts have been devoted to the 

synthesis of surfaces with different chemically structured domains. For example, non-fouling and 

cell adhesive areas have been created by depositing PEO and plasma polymerized polyallylmine 

coatings (pPAAc) on polystyrene (PS) surfaces. The selective adhesion and growth have been 

tested against NCTC 2544 kerayinocytes and 3T3 murine fibroblasts (Figure 8). [5] 

The hydrophilic alternating with hydrophobic region proved to be very useful to induce 

preferential cell adhesion or proliferation. Sciarratta et al. [6] investigated the selective adhesion 

and proliferation of lymphocyte- (KYM-1D4), fibroblast-(HEK293) and epithelia- like 

(RINm5f) cells on plasma polymerized acrylic acid films (hydrophilic) and CHF3-based plasma 

films (hydrophobic). The response of the three different cell lines to plasma-deposited layers is 

different; the HEK293, KYM-1D4 and RINm5f cells adhere on pp-AAc films, and the RINm5f 

cells do not adhere on the CHF3-based plasma films. Microstructures of AAC plasma deposited 

layers onto a previously CHF3 treated substrate showed selectivity for RIN5f cells (Figure 8). 

Moreover, they demonstrated that Ca
2+

 ions and albumin adsorption play a fundamental role in 

the cell-substrate adhesion. 

 

B. Grafting and deposition of antibacterial coatings assisted by plasma 

There is a growing interest in the development of new strategies to prevent bacteria 

attachment and biofilm formation. Compared to planktonic bacteria, a biofilm shows increased 

resistance to antibacterial agents. For example, the minimal inhibitory concentration (MIC) may 

be up to 100-1000-fold higher [70].  

It is known that the nano-structured materials influence the adhesion of 

microorganisms, inhibiting adhesion and biofilm formation. The naturally occurring anti-

biofouling surfaces are rich sources of inspiration, like leaves, shark skin and the feet of geckos 

[84]. For example, Ivanova et al. [85] studied the behavior of Pseudomonas aeruginosa ATCC 

9027 cells on cicada wing surfaces and they observed that the nanopillars began to penetrate the 

cells immediately upon cell attachment, killing most of them in 5 min (Figure 11).  

   
Figure 11. Bactericidal effect of cicada wing surface on Pseudomonas aeruginosa ATCC 9027 [85]. 

Biocidal and non-biocidal surfaces are used to prevent contamination by biological 

entities and involve one of the following mechanisms:  

 prevention of the adhesion by grafting of antibacterial compounds and by 

designing of micro-/nanopatterns; 

 degradation through the elution of antimicrobial agents from the materials.  

Therefore, biocidal films are the coatings that kill bacteria and prevent them to adhere to 

the surface. These can be further divided into two subcategories based on their mechanism of 

action, as can be seen in Figure 12. Contact killing surfaces rely on direct interaction between 

immobilized antimicrobial molecules and micro-organism and releasing of 
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biocides/antibacterial agents over time, such as antibiotics, silver into the surrounding aqueous 

environment. One of the main drawbacks of these substrates is that they lose their antimicrobial 

properties when these substrates are depleted of antimicrobial agents, they cannot be 

regenerated. 

Non-biocidal approaches also known as biopassive approaches, utilize surfaces that hinder the 

adhesion of proteins or cells. In the case of marine equipments like platforms, jetties and ship 

hulls, the non-toxic antifouling surfaces are useful to prevent biofouling by sea microorganisms 

and algae. [68, 86] 

 

 
Figure 12. Schematic representation of the various strategies used in the design of antibacterial coatings 

[66]. 

Two main approaches have been reported to obtain antimicrobial hybrid materials based 

on a plasma method:  

(i) plasma-assisted surface grafting of antimicrobial agents and 

(ii) plasma deposition of antimicrobial coatings.  

In the Tables 1 and 2 are summarized the main results obtained until now related to the synthesis 

of antibacterial surfaces using plasma techniques. 

In contrast to wet chemistry methods, the plasma deposition of antimicrobial coatings and 

grafting is independent on substrate properties, can be deposited on various substrates, including 

synthetic polymers, ceramics or wood surfaces. In addition, the surface characteristics such as 

roughness, microstructure, chemical composition or hydrophilicity can be tailored by using the 

appropriate plasma processing parameters. [86, 87] 

According to Vasilev et al. [67] and Kenawy et al. [88], an antimicrobial polymer 

should possess the following characteristics:  

 easy to synthesize and inexpensive, 

 stable in long-term usage,  

 non-toxic, biocompatible and easy to handle, 

 can be regenerated upon loss of activity, 

 active against a broad spectrum of pathogenic microorganisms upon brief 

contact.  

For bio-medical applications, the toxicity of antibacterial coatings to mammalian cells is 

an important criterion.  

Table 1. Plasma-assisted surface grafting of antimicrobial agents. 

Nr. 

 Crt. 
Samples Plasma pre-treatment Cytotoxicity 

Antibacterial 

activity 
Ref 

1 
grafting of chitosan 

onto polyester fabrics 

Ar/O2 APP-DBD, 100-

150 W, 3 kHz, 1-2 min  
fibroblast cell line, 

L929 cells 

Bacillus subtilis 

and S. aureus 
[8] 

2 grafting of chitosan 

onto poly(ethylene) 

air DBD, 15 kV, 350 Hz, 

10  - 20 s 

-  E. coli and                    

S. aureus 

[10] 
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3 grafting of chitosan 

onto poly(ethylene 

terrephthalate) 

air APP-DBD, 12.5 kV, 

325 Hz , 10 s 

-  E. coli and            

S. aureus 

[9] 

4 grafting of nisin onto 

low density 

poly(ethylene) 

RF, Ar/O2 and N2 

plasmas, 30 mTorr 

-  L. innocua  [11] 

5 

silver nanoparticles 

bounded on 

polyallylamine film 

RF, 10 W, 10 min 
primary human dermal 

fibroblasts HDF 
S. aureus 

S. epidermidis 

P. aeruginosa  

[12] 

6 nisin peptides 

immobilized onto 

steel surfaces via a 

plasma polymerized 

amino-silica 

interlayer 

N2 DBD, APTMS 

precursor, 8 kV, 10 kHz 

sinusoidal signal 

- Bacillus subtilis 

168 

[13] 

7 silver loaded 

cotton/polyester 

fabrics 

air DBD - S. aureus 

E. coli 

C. albicans 

[14] 

 

Table 2. Plasma deposition of antibacterial coatings. 

Nr. 

Crt. 
Samples Plasma deposition Cytotoxicity 

Antibacterial 

activity 
Ref 

1 
plasma polymerized 

oxazoline films 
RF, 10 -50 W,  10

-1
 mbar, 

1 – 5 min 

primary human 

dermal fibroblasts 

(HDF) 

S. epidermidis [2, 89] 

2 
plasma polymerized 

carvone film 

RF, 10 W, 0.25 mbar, 

10 min 

primary human 

endothelial cell 

(HUVEC) 

E. coli and            

S. aureus 
[90] 

3 
Plasma polymerized 

trichloroethane film 

RF, 25 W, 0.26 mbar,                           

2 min 
KG1a cells S. epidermidis [91] 

hybrid materials 

4 

wound dressing materials 

covered with silicon dioxide 

embedded silver 

nanoparticles 

APPJ, 250 W, 10 mm 

nozzle-substrate 

distance, 

3.5 mL/min HMDSO 

human adult 

keratinocytes 

(HaCaT, 432) 

S. aureus and      

K. pneumoniae 
[92] 

5 
organosilicon films with 

silver nanoparticles 

APPJ, N2 with admixing 

of O2, TMDSO and 

AgNPs, 22.5 W 

- 
E. coli and            

S. aureus 
[93, 94] 

6 

plasma poly(n-heptylamine) 

films loaded with silver 

nanoparticles 

RF, 40 W, 0.2 Torr 
osteoblastic 

cells 
S. epidermidis [54] 

7 

silver nanoparticles 

entrapped between two 

maleic anhydride plasma 

layers 

DBD, 20 W, 816 Hz, 

0.2 mbar, 10-30 min,    

2-50% duty cycle,  

- 
PHL628-based E. 

coli SCC1 strain 
[95] 
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CHAPTER 2. STYRENE ATMOSPHERIC PRESSUREE                     

PLASMA POLYMERIZATION  

We have focused on the polymerization and characterization of plasma polymerized 

styrene (pPS) films using an atmospheric pressure plasma dielectric barrier discharge reactor, 

working in helium or argon gas and styrene vapors. A comparative characterization of plasma 

gas phase and of coatings was performed. The plasma gas phase was investigated by means of 

electrical measurements and optical emission spectroscopy and the pPS coatings physico-

chemical properties were examined by Fourier transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM), Atomic force 

microscopy (AFM) and water contact angle (WCA) measurements.  

1.1 PLASMA POLYMERIZED STYRENE FILMS – state of the art 
Polystyrene (PS) 

PS is an aromatic polymer synthesized from styrene via free-radical polymerization. It 

was first prepared in 1839. PS is a non-toxic and transparent material in the visible range used in 

different fields, such as a material for making optical glasses or various consumer products, 

including food packaging, household goods and laboratory ware. [96] Due to its non-

immunogenic properties and low cytotoxicity it is used in various bio-medical applications. For 

example, PS dishes have been used for cell culture since about 1965. It is known that the PS 

surfaces, as prepared are unsuitable for cell attachment and pre-treatments are required. (Sigma 

Aldrich) Both dry processes (plasma discharge, electrons and UV irradiation) and wet chemical 

methods (exposure to concentrated sulfuric acid or chloric acid) have been used successfully to 

modify the polymer surface. [56, 97] The PS surface, in general, is treated using a corona 

discharge under atmospheric conditions or low pressure plasma. These treatments generate 

oxygen radicals which oxidize the polystyrene network, therefore once a biological medium is 

added the surface becomes hydrophilic and negatively charged.  

Plasma polymerized styrene films 

Styrene preferentially polymerizes via radicals, which are stabilized by the aromatic 

system (Figure 13). This feature provides the possibility for a radical grafting mechanism. 

Fragmentation and random recombination, known as „polyrecombination‟ or „atomic 

polymerization‟ of the styrene monomer during the plasma pulse is less important. [46, 98] The 

reaction mechanism of aromatic compounds proposed by Asandulesa et al. [99] is based on 

plasma induced radical chain-growth concept and includes activation/fragmentation of chemical 

compounds, radical oxidation reactions and recombination of reaction products into random 

structures. The energy needed to dissociate the chemical bonds in the molecules is generally 

between 3-8 eV [45]. 

CH CH2

polymerization

styrene

CH
CH2CH3

CH
CH2

CH
CH3

poly(styrene)

plasma
radical chain

n

+

.

 
Figure 13. Free radical vinyl polymerization of styrene. (ChemSketch) [46]. 
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As can be observed in the Table 3, there are a considerable number of studies done on 

plasma polymerization of styrene at low pressure with a variety of carrier gases, reactor design 

and plasma sources. The advantage of our plasma system is that it operates at atmospheric 

pressure, therefore it does not require expensive and time consuming vacuum systems. 

Table 3. Literature review – plasma polymerized styrene films. 

Nr. 

crt 
Aim Pasma parameters Results Ref. 

homopolymer 

1 

The objective of this study was 

to identify the potential 

intermediary reactions during 

plasma polymerization process. 

DBD, low pressure, 

50 kHz, 30 W, 

styrene, He,           

15 – 45 min 

The results indicate the 

presence of oxygen containing 

groups in the films chemical 

composition and during plasma 

polymerization the benzene ring 

is fragmented. 

Asandulesa 

(2014) [40] 

2 

They investigated plasma 

polymerization reactions of 

aromatic compounds using a 

cold atmospheric pressure glow 

discharge working in helium. 

DBD, atm pressure, 

He, 6 kV, 250 s, 

2 kHz, 2.5 l/min He, 

4 l/min styrene, 

10 min, glass and 

NaCl substrates 

The chemical polymerization 

mechanism of aromatic 

compounds under atmospheric 

pressure plasma conditions is 

based on plasma induced radical 

chain-growth concept and 

includes activation/fragmentation 

of chemical compounds, radical 

oxidation reactions and 

recombination of reaction 

products into random structures. 

Asandulesa 

(2013) [99] 

3 

The specific aim of this work 

was to investigate the chemical 

modification induced by O2, Ar 

plasmas and (plasma) UV-

irradiation on cPS films (spin 

coated). The modified PS 

samples were compared with 

plasma polymerized (PPS) and 

commercial polystyrene (cPS). 

RF, 100 W, 50 %, 

0.1 mbar, 10 g/h  

(75 ºC), 1 KHz, 

glass and aluminum 

 

The dielectric measurements 

show that the plasma deposited 

films are not thermally stable. 

Fahmy 

(2012) [100] 

4 

They studied the influence of 

RF power and working pressure 

on the structure and properties 

of pPS deposited by RF-

PECVD, using argon/styrene 

gas mixture. 

RF, 13.56 MHz, 40-

150 W, 7-16 x10
-2

 

mbar, one side of 

polished bell metal, 

10 min 

The deposition rate, the non 

uniformity, the degree of 

branching and cross-linking, the 

percentage of carbon content in 

plasma polystyrene films 

increased with increasing RF 

power.  

The results showed the 

possible application of 

polystyrene films as corrosion 

resistance coating on bell metal. 

Choudhury 

(2010) [101] 

  

5 

The aim of the study was to 

synthesize hydrophobic coatings 

by means of plasma 

polymerization at atmospheric 

pressure using a mixture of 

helium gas and styrene vapors. 

DBD, atm pressure, 

50 kHz, 2-4 kV, 

styrene, He, 3 l/min 

total flow rate, 10 min 

WCA  130 ° 

The electrical plasma 

parameters, like the voltage 

waveforms and its rise time 

have a strong influence on the 

maximum discharge current.  

 Topala 

(2009) [102] 

6 

The goal of this paper was to 

prepare and characterize 

polystyrene films by plasma 

polymerization under 

atmospheric pressure or near 

atmospheric pressure by a DBD 

and into a post discharge of a 

RF plasma torch. 

*DBD: He and Ar, 1 

kV, 14 kHz, 2x10
4
 Pa, 

4 mm, 1- 10 min 

*RF plasma Torch: 

13.56 MHz, 30-80 W, 

Ar 30 L/min, 1- 15 

min, 1 mm to 1 cm the 

distance plasma-head-

substrate 

The films obtained by the 

DBD plasma exhibit a 

wormlike pattern. 

Merche 

(2009) [51] 
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styrene monomer 

was kept at 40 ºC in a 

termostated bath 

Si wafer, glass, 

polymer and stainless 

steel 

7 

This work is devoted to the 

relationship between external 

plasma parameters (such as RF 

input power, pressure or 

deposition duration), substrate 

topography and pPS coating 

morphology. 

RF, 120 -200 W, 

50 %, 0.13-

0.66 mbar, 10 KHz, 

stainless steel, gold 

and glass, 1 -10 min 

The roughness (as well as the 

thickness) of the films increases 

as a function of the input power 

and gas pressure and no 

particular structure is observed 

for the film deposited with a low 

input power.  

The plasma deposited films are 

unsaturated, branched and/or 

cross-linked. These properties of 

the films are found to depend on 

fragmentation and re-

arrangement of the monomer 

molecules in plasma, which 

could be controlled by external 

plasma parameters.  

When the plasma deposited 

films are exposed to air, 

extensive oxygen incorporation 

occurs 

HaiDopoulo

s (2007) 

[32] 

8 

The objective of this study was 

to synthesize polystyrene films 

using CO2 as carrier gas and 

styrene vapor as monomer for 

biomedical applications. 

CO2 as carrier gas, 

RF 13.56 MHz, 

85 W, 35 mm gap, 

glass, 15 min 

 

The composition and 

morphology of plasma 

polymerized films are controlled 

by the flow rate of CO2. The 

plasma polymerized films 

deposited on glass substrates 

exhibit a wave-like pattern and 

the contents of oxygen-

containing groups increases with 

CO2 flow rate. 

Luo (2007) 

[34] 

9 

They investigated the potential 

effect of CH4 containing 

reactive carrier gas on the 

plasma polymerized films and 

the possibility of such film for 

use in the preparation of sensors. 

argon/CH4/styrene 

gas mixture, RF, 

10 sccm, 35 W, 

0.27 mbar 

 

Using Ar and CH4 mixture gas 

caused increase of deposition rate 

and the films have the original 

characteristics of monomer. 

Kim (2004) 

[103] 

10 

The aim of this work is the 

deposition and characterization 

of polymer coatings by FTIR 

spectroscopy, UV spectroscopy 

and contact angle 

measurements. 

30 MHz RF source, 

30 W input power, 

0.13 – 0.66 mbar, 

Ge, glass, quartz, 

PAC 

At low pressures (0.13 mbar), a 

transparent thin film was 

deposited on substrate and at 

higher pressure (0.3 – 0.7 mbar) a 

white powder. 

Kinzig 

(1981) [104] 

copolymer 

1 

The structure-property 

relationships of pulsed plasma 

deposition AA (acrylic acid)/S 

(styrene) copolymers 

dependence on the co-monomer 

ratio were studied. 

RF, DC = 0.5,             

1 kHz, 100 W,               

Al substrate 

The concentration of the COOH 

groups increases proportionally 

with increasing the fraction of 

AA in the precursor mixture 

Fahmy 

(2013) [105] 

2 

The effect of power, pressure, 

deposition time and duty cycle 

of RF pulsed plasma on the 

polymerization of styrene and 

methyl methacrylate (MMA) 

were investigated. 

inductively coupled 

planar RF 

discharge, 120 W, 

50 % DC, 

0.25 mbar, silicon 

substrate 

Films with different chemical 

composition can be deposited 

by controlling the monomer 

content in the gas phase.  

Li (2011) 

[106] 
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2.2. EXPERIMENTAL DETAILS 

2.2.1 Atmospheric pressure plasma reactor  

The plasma polymerized styrene coatings (pPS) were deposited using an atmospheric 

pressure dielectric barrier discharge, which operates in helium (He, Messer Romania Gas SRL) 

or argon (Ar, Messer Romania Gas SRL) as shown in Figure 14. The plasma reactor consists of 

a stainless steel chamber containing two circular parallel plate copper electrodes, deposited as 

thin films on glass dielectric. Positive high voltage (HV) pulses with 6 kV amplitude, 2 kHz 

frequency and 250 s width were applied on the HV electrode. The substrates were placed in the 

center of the bottom electrode and the gap between the two electrodes was kept constant at 

5 mm. Glass substrates were cleaned first by Piranha solution (mixture of sulfuric acid – H2SO4 

and hydrogen peroxide – H2O2).  

The plasma reactor is equipped with two gas lines, one for process gas used to sustain the 

discharge and other line to transport styrene vapors into plasma volume. The styrene monomer 

was injected into the reactor using a classic bubbler system that is connected to a shower ring. 

The 6.5 cm diameter shower ring contains 12 holes which allow a uniform vapor distribution in 

the reactor chamber. Gas flow rates were constantly kept by electronic flow-meters (MKS type 

1179 B) and a flow controller (MKS type 247). The deposition time for each film was 10 min. In 

order to clean and enhance adhesion between the layer and the substrate, same substrates were 

exposed 1 min to Ar plasma (pPSAr*) before deposition. 

Samples used for cell culture and bacteria experiments were stored in clean tissue culture 

polystyrene dishes at ambient temperature. 

 

 
Figure14. Schematic representation of the plasma polymerization system, including the gas-inlet system 

and the discharge system. Formation mechanism and chemistry of plasma deposited styrene coatings [100, 107]. 
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2.2.2 Plasma and films characterization methods 

 plasma gas phase 

The plasma gas phase was investigated by means of electrical measurements and optical 

emission spectroscopy (OES).  

The applied voltage and discharge currents waveforms of plasmas were monitored and 

stored using a high voltage probe (P6015A, Tektronix) and a current probe (6485, Pearson) 

connected to a digital oscilloscope (TDS5034, Tektronix, 350 MHz, 5 GSa/s). The displacement 

current (Id), the current measured without gas flow, was removed from the total signal.  

The optical diagnosis of plasmas (with and without monomers) was performed using a 

computer-controlled monochromator (Jobin Yvon Triax 550) with a CD detector (Symphony). 

The light emitted by the plasma was collected through quartz windows by an optical fiber 

(400 μm diameter, 24 acceptance angle, 200 – 1100 nm range) guided to the entrance slit of the 

monochromator. The emission spectra were measured in the 200 – 900 nm range.  

 plasma polymerized styrene films 

Fourier transform infrared spectra (FTIR) of plasma polymerized styrene films were 

recorded using a BOMEM MB-Series 104 spectrometer. Each spectrum was collected by 

accumulating 5 scans at a resolution of 4 cm
-1

, in the range of 4000 – 500 cm
-1

. The FTIR spectra 

of pPS deposited on NaCl and ZnSe substrates were acquired in the transmission mode. The 

software GRAMs-AI was employed for measurements and for correction of the background.  

X-ray photoelectron spectroscopy (XPS) spectra were recorded with a PHI 5000 

VersaProbe (Physical Electronics) spectrometer, using a monochromatic Al K X-ray source 

(h=1486.7 eV), under a vacuum of about 2x10
-6

 Pa at a photoelectron take-off angle of 45.  

Atomic force microscopy (AFM) measurements (NT-MDT Solver Pro-M type 

apparatus) were carried out in ambient air, in the tapping (non-contact) mode, with commercial 

standard silicon-nitride tips with a radius of approximately 10-15 nm (NT-MDT, NSG03). The 

topography, magnitude and phase were recorded simultaneously for each sample on various 

scanned areas between 70 m x 70 m and 3 m x 3 m. Scans were repeated on different sites 

of the samples to check the surface uniformity, under the same conditions in ambient 

atmosphere. AFM technique was used to visualize and compare the topography of plasma 

polymer films before and after immersion in distilled water for 72 h. Maximum roughness 

parameter Rmax is the vertical distance between the highest and lowest data points in the image.  

Scanning electron microscopy (SEM) images were obtained using an electron 

microscope ULTRA 55 (Zeiss, France) equipped with a thermal field emission emitter and three 

different detectors (BSE detector with a filter grid, a high efficiency In-lens SE detector and an 

Everhart–Thornley secondary electron detector). The biological samples were fixed with 1 % 

glutaraldehyde solution (G6257, Sigma Aldrich) for 30 min in the dark at room temperature and 

coated with a conductive material. 

Thickness measurement. The coatings thickness was quantified using an 

interferometric-based technique (Linik MII type). 

Wettability was evaluated by measuring the contact angle between water drops (2 L) 

and the plasma polymer surface using a horizontal optical microscope with a digital camera 

(OPTIKAM 4083.BS) connected to a computer and with a Digidrop instrument (GBX, France). 

All measurements were made under ambient conditions. WCA values reported are the mean of 

6 individual measurements on 3 replicated samples. The corresponding standard deviations are 

reported in the graphs as error bars.  
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2.3 PLASMA DIAGNOSTICS 

Understanding the correlation between mechanism of film growth and properties can 

help to design coatings for specific applications. Various studies related to plasma 

polymerization have been performed by employing argon (Ar) or helium (He) as carrier gas, or 

an inert/reactive gas mixture. Compared with He, Ar is cheaper and requires low ionization 

energies, but He plasmas operate in a diffuse glow regime which is a desirable plasma regime to 

deposit homogeneous films. The homogeneity of the He discharge is due to existence of its high 

energy metastables (He (2
3
S1) at 19.82 eV and He (2

1
S0) at 20.62 eV). The ionized air species 

are most likely created through Penning ionization of air molecules by helium metastables and 

helium dimer metastables. Contrary, argon requires low ionization energies (11.5 eV for 
3
P2 and 

11.7 eV for 
3
P0) than helium, therefore its capability of causing Penning ionization is smaller, the 

discharge has to proceed via the streamer process to generate filamentous plasma between the 

electrodes. The Ar
+
 (15.78 eV) ions affect more the plasma polymerized structure than 

metastable species. [103, 108, 109] 

The external plasma parameters, including pulse width, deposition time and applied 

voltage were optimized in order to improve the stability of pPS films in aqueous medium.  

2.3.1 Electrical measurements 

Analyzing the discharge current waveforms, two current pulses (positive and negative) 

appear which are related with two consecutive discharges (primary and secondary). The primary 

discharge current pulses appear during the rise cycle of the applied voltage, when the ground 

electrode acts as cathode and the power electrode as anode. Consequently, the second discharge 

current pulses are generated during the falling cycle of the applied voltage and the power 

electrode acts as cathode and the ground electrode as anode. Typical forms of the applied voltage 

and discharge current are shown in Figure 15. The discharge current shape and amplitude 

(several tens of milliamperes) observed during the primary and secondary discharges confirm the 

homogeneous regime of the atmospheric pressure discharge (APD) [110]. The results indicate 

that when in the plasma volumes are transported monomers vapor, the discharge current intensity 

decreases, because part of plasma energy is used to induce fragmentation, molecular excitation 

and plasma polymerization reactions. A significant decrease was measured for Ar/S gas mixture, 

therefore an energy supply per unit monomer higher, leading to more fragmentation of the 

styrene molecules.  
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Figure15. Typical forms of the applied voltage and of the discharge current waveforms. 
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2.3.2 Optical emission spectroscopy  

Optical emission spectroscopy (OES) was employed to analyze the plasma phase and to 

identify the active species. All emission spectra contain the helium/argon lines and atomic 

lines/molecular bands specific of air impurities (e.g. atomic oxygen (777.4 and 845.2 nm), 

molecular nitrogen (315.8, 336.4, 358.4 and 380.4 nm), molecular nitrogen ion (391.6, 427 nm 

and 470.6 nm) and hydroxyl radical (309.1 nm)). The OES spectra of the two discharges, He/S 

and Ar/S are quite similar in contrast to pure plasmas (Figure 16). Comparison of the emission 

spectra revealed that when in the discharge volume are injected monomers, the emission spectra 

intensity decreases. In the case of Ar/S plasma the spectrum is almost completely quenched.  

According to XPS and FTIR measurements, the residual N2 bands present in the emission spectra 

did not participate in the polymer deposition, no nitrogen-containing groups were incorporated in 

the films bulk or at the surface.  
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Figure 16. The optical emission spectra of the discharges. Spectroscopic parameters - exposure time: 5 s, 

accumulations: 1, slit: 0.1 nm, range 200  900 nm. 
 

 

 

2.4 PHYSICO-CHEMICAL PROPERTIES OF PLASMA POLYMERIZED STYRENE 

FILMS  

In order to create and to optimize a surface for a particular application, a detailed 

characterization of the film is necessary. The chemical composition and morphology of plasma 

polymerized styrene (pPS) films were analyzed by means of Fourier Transform Infrared 

Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy 

(AFM) and Scanning Electron Microscopy (SEM). The wettability properties were evaluated by 

water contact angle (WCA) measurements.  

As shown in Figure 17, the pPSHe and pPSAr spectra are similar. FTIR studies indicate a 

partial retention of the monomer characteristic groups in the polymer films. The styrene bands 

are well resolved compared to the broad spectra obtained for pPS coatings. In addition, for S 

monomer spectrum in the 1665-2000 cm
-1 

region, the presence of the aromatic CH vibrations, 

named the five aromatic fingers, can be observed. For plasma polymerized coatings the intensity 

of these five peaks decreases, meaning that the phenyl rings are broken under plasma influence. 

The aromatic ring breakage is confirmed also by the disappearance of aromatic CH bands at 908 

and 991 cm
-1

 and the IR bands present in the aliphatic region. [99]  

The two new peaks that appear in the spectra at 2964 and 2866 cm
-1

 suggest that the films are 

branched. Merche et al. [51] reported that films deposited in the presence of He are less 

branched that those synthesized in the presence of Ar.  
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Figure 17. FTIR spectra of styrene and freshly deposited plasma polystyrene films onto NaCl substrates. 

Identification of the spectral peaks and bands was made according to the literature, 

systematically presented in Table 4. The strong absorption band observed in the region 3500 – 

3100 cm
-1

, can be attributed to OH stretching vibration. The 2930 cm
-1 

and 2866 cm
-1 

peaks 

correspond to the stretching vibration of the aliphatic C-H groups (-CHx), while the 1452 cm
-1 

and 1430 cm
-1

 peaks are due to C-H bending in methylene (-CH2-) and vinyl groups (-CH=CH2). 

The bands positioned at 3059 cm
-1 

and 3025 cm
-1

 correspond to aromatic =C-H stretching, at 

1600 cm
-1

 and 1492 cm
-1 

to aromatic C=C stretching,
 
at 1075 cm

-1
 and 1028 cm

-1
 to C-H in-plane 

deformation bending of aromatic ring, at 758 and 700 cm
-1 

to aromatic C-H bending. 

Table 4. Detailed assignments of relevant features in the plasma polystyrene IR spectra. 

Wavenumber (cm
-1

) Type of vibration Ref. 

3450 hydroxyl O-H stretching [34, 45, 51] 

3082, 3060, 3026 aromatic C-H stretching [34, 45, 46, 51, 101] 

2964, 2864, methyl (-CH3) C-H stretching [34, 45, 46, 101, 111] 

2930 methylene C-H stretching [34, 45, 46, 101, 111] 

2000-1665 five aromatic fingers [46, 101] 

2350 and 668 CO2 bands [51] 

1710 carbonyl C=O stretching  [51, 101, 112, 113] 

1601, 1493 aromatic C-H in plane and C=C 

aromatic 

[34, 45, 51] 

1451 
methyl C-H bending, in 

plane phenyl ring-bending mode 
[34, 45, 51] 

1250 C-O  [34, 45, 51] 

763, 700 
out of plane phenyl ring bending 

mode 
[34, 45, 46, 51, 101] 
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The presence of oxygen in the pPS network is confirmed by the peaks at 3400 and 

1710 cm
-1

 attributed to hydroxyl and carbonyl stretchings and also by XPS measurements. The 

oxygen incorporation may originate from two sources, the presence of oxygen and water vapors 

in the plasma reactor before and during plasma polymerization and from post-oxidation of the 

coatings exposed to air after plasma deposition. Also, the optical emission spectroscopy confirms 

the presence of atomic oxygen (77.4 nm and 845.2 nm) and hydroxyl radical (309.1 nm). 

The XPS results are summarized in Table 5 and show that both pPSHe and pPSAr films 

contain oxygen and carbon elements (Figure 18). The C1s peak was deconvoluted into four main 

components, assigned to C-C and/or C-H (at 284.6 eV), C-O-C and/or C-OH (at 286.3 eV), C=O 

and/or H-C=O (at 288 eV) groups and -* shake-up satellite (at 294.2 eV).  
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Figure 18. XPS survey spectra of plasma polystyrene synthesized using He/S and Ar/S gas mixture. 

 
Table 5. Elemental composition, the functional groups content and WCA of commercial (C), thermal (T) 

and plasma (p) polymerized styrene films. 

Samples T-PS 

[34] 

C-PS[114] 

amorphous 

C-PS[114] 

cross-linked 

DBD[114] MPP-PS 
(Ar)[114] 

pPSHe pPSAr 

He Ar 

C (%) 96.1 98 86 94 95 74 92.3 92.7 

O (%) 3.9 2 14 6 5 26 7.7 7.3 

C-C % 97.3 98 89 92.5 94.5 73 85.9 86.4 

C-O % - 2 10 7 5 17 9.3 10.4 

C=O % - - - 0.5 0.5 5 - - 

COOH - -- 1 - - 5 - - 

-* 2.7 6.7 0.5 4.4 4.76 - 4.8 3.2 

WCA (º)  87 123 72 71 35 83  2 84  2 

The characteristic -* shake-up satellite is due to resonance of the PS aromatic ring, 

emphasizing that the films retained the monomer chemicals structure. The ratio between the 

satellite shake-up (aromatic carbon) and the main peak (aliphatic carbon) can be used to evaluate 

the aromaticity of the films. In our case, the ratio of pPSHe is 5 % and pPSAr is 3.3 %. The results 

are in good agreement with those obtained by Haidopoulos et al. [115] They showed that the 

degree of aromaticity depends on the external plasma parameters and the pPS ratio ranging from 

1% (high input power) to 6.5 % (lower input power). For example, the ratio of commercially PS 

is 7.5 %. 

The presence of the intact aromatic ring in the pPS films is also confirmed by 
1
H-NMR 

measurements (Bruker Avance III 500 spectrometer equipped with a 5 mm PABBO detection 

probe, 500.1 MHz, deuterated dimethylsulfoxide – DMSO-d6). The styrene 
1
H-NMR spectrum 

contains strong signals at 7.47 – 7.25 ppm assigned to aromatic protons from benzene and three 

distinct signals corresponding to aliphatic protons from vinyl type group at 6.7, 5.8 and 5.2 ppm. 
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As can be seen in Figure 19, the vinyl protons present in 
1
H-NMR spectra of monomer have 

disappeared in the spectra of pPSHe. Asandulesa et al. [99], suggested that C=C is replaced by C-

C. Three new peaks appear in the spectra at 4.3 ppm, which correspond to aliphatic CH type 

groups, at 1.2 and 0.8 ppm which are specific to methylene CH2 protons and methyl CH3 

protons.  

 
Figure 19. 

1
H NMR spectra of (A) styrene and (B) pPSHe in DMSO-d6. 

The AP-DBD allows the deposition of macroscopically smooth polystyrene films across 

the whole length of the glass substrate, with no specific structure (Figure 20). In addition, the 

employed carrier gas (He and Ar) or substrate plasma pre-treatment does not affect the 

topography or the wettability of plasma polymerized styrene film. The water contact angle of the 

pPS coating is around 83°, in agreement with the value reported for its counterpart (Table 5). 

   
Figure 20. AFM topographic images scanned over 30 x30 m

2
 of (A) pPSHe and (B) pPSAr films. (C) 

SEM images of pPSAr*. 

Furthermore, the thickness of the films synthesized using a mixture of argon gas and 

styrene vapors are higher. For 10 min deposition time, the pPSHe thickness is around 550 nm and 

for pPSAr is around 950 nm.  

 

CONCLUSIONS 

Plasma polymerized styrene films were successfully synthesized by means of 

atmospheric pressure plasma technique, using a mixture of helium or argon gas and styrene 

vapors.  

The obtained results show that the pPS chemical composition, topography and 

wettability are similar for both coatings synthesized in the presence of helium or argon used as 

main and carrier gas. The pPS films are smooth and uniform across the whole length of the 

substrates, without any visible features with a WCA of around 83°. In particular, the film 

synthesized using Ar/S mixture has a higher deposition rate and is more cross-linked. 

The XPS, FTIR and 
1
H-NMR measurements confirm the presence of oxygen-containing 

groups and of intact aromatic ring in the pPS coating chemical composition.  

(A) (B) 

(A) (B) (C) 
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CHAPTER 3. BEHAVIOR OF PLASMA POLYMERIZED STYRENE 

FILMS IN BIOLOGICAL MEDIA 

 

A special attention was devoted to the stability of the plasma polymerized styrene films 

in air and in aqueous environments. The plasma parameters and deposition conditions were 

optimized according to the film stability in aqueous media. Also, a detailed characterization of 

surface-composition and morphology was performed.  

 

3.1 INTRODUCTION  

The stability of plasma polymers in aqueous environment is a key parameter which 

determines their successful application. In contrast with the material stability under ambient 

conditions, which already has certain limitation, the stability of plasma polymers in aqueous 

media is a more complex problem. Due to the random structure of the plasma polymers, it is 

impossible to predict the mechanism involved in their degradation. According to Mielczarski et 

al. [116] when a polymer is immersed in a solvent the following process can occur: 

 swelling, a process which involves the diffusion of water into the polymer 

network, leading to an increase in the film thickness and volume; 

 homogeneous degradation facilitated by chain cleavage; 

 diffusion of the oligomers and the formation of a reaction-erosion front at the 

surface; 

 complete delamination of the film from the substrate. 

The behavior of plasma polymers in aqueous media is affected by several factors, 

including the polymer molecular weight, thickness, crosslinking degree, adhesion to substrate, 

nature of the solution and plasma deposition conditions. In general, films with high functional 

groups density, like carboxylic, hydroxyl or amino groups, can be unstable in liquids and the 

coatings deposited at high powers present a good stability. Abbas et al. [117] reported the 

dissolution process and the washing out of the uppermost polymer layer contribute to the 

material loss. It has to be highlighted that a very few studies are devoted to the physico-chemical 

modification induced in plasma polymers by the aqueous media (Table 6). Even though, the 

coatings intended for biologically related applications should be tested at least in water. 

Table 6. Literature review – stability of plasma films in aqueous media. 

Plasma films Plasma technique  Conclusions Ref. 
allylamine 

(C3H7N) 

ethylenediamine 

(C2H8N2) 

low –pressure RF 

discharge reactor 

- the film stability depends on applied 

RF power and the chemistry of the 

monomer  

Daunton  

(2015) [118] 

acrylic acid 

(CH₂=CHCO₂H)/ 

methylene-bis-acrylamide 

(H2C=CHCONH)2CH2) 

atmospheric pressure air 

plasma jet 

- coating water-stability was 

significantly improved by optimizing 

the deposition parameters, heating the 

substrate during deposition and by 

adding a cross-linking to the precursor 

Carton  

(2015) [48] 

L-PPE:N low –pressure RF 

discharge reactor  

- a NH3 or N2 plasma pre-treatment of 

the substrate enhances the plasma film 

adhesion on PTFE substrate 

Lerouge 

(2015) [119] 

cyclopropylamine 

(C3H5NH2) 

low-pressure capacitively 

coupled RF discharge in 

continuous and pulsed 

wave mode 

- at optimized monomer flow rate, the 

PW film exhibited only 20 % thickness 

loss after 48 h immersion in water 

- 4 at% oxygen concentration increase 

after water immersion 

Manakhov 

(2014)  

[120, 121] 
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saturated and unsaturated 

acids, glymes and 

hydrocarbons 

low –pressure RF 

discharge reactor 

- the film stability depends on applied 

RF power and the chemistry of the 

monomer 

Michelmore 

(2013) [122] 

acrylic acid 

(CH₂=CHCO₂H) 

dielectric barrier 

discharge operating at 

medium pressure 

- stable surfaces were obtained at high 

discharge power and close to the 

monomer inlet 

Morent (2010) 

[36]  

C-NH2 (from N2, NH3 and 

C2H4) 

atmospheric pressure/ 

low-pressure 

systems/vacuum-

ultraviolet photo-

polymerization 

- low-pressure plasma polymerization 

and UV photo-polymerization allow 

deposition of stable films, during long-

term exposure to air or aqueous 

solvents 

Ruiz  

(2010) [123] 

allylamine (C3H7N) low-pressure RF 

discharge in continuous 

wave mode 

- was found a dependence between 

swelling and the loss of material as a 

function of RF input power; 

- films deposited at 125 W present no 

significant loss of material 

Abbas (2009) 

[44] 

allylamine (C3H7N) and 

acrylic acid 

(CH2=CHCO2H)  

low-pressure 

downstream microwave 

plasma 

- confirm the relationship between 

process parameters and dissolution 

stability 

Finke  

(2009) [124] 

n-heptylamine 

CH3(CH2)6NH2 

low-pressure RF 

discharge in pulsed wave 

mode 

- the stability and the structure of films 

upon immersion in various solvents 

varies with deposition conditions and 

aging in air 

-  the extraction of soluble polymeric 

material led to the formation of pores 

Vasilev 

(2008) [125] 

 
AFM topographic images of HA plasma polymer films before and after immersion in water for 24 h after 

deposition or after aging in air for 72 h. 

 

3.2 EXPERIMENTAL DETAILS 
The ageing of pPS films was investigated by means of FTIR spectroscopy, AFM and 

WCAs, after 30 days of storage in ambient conditions. 

The stability of pPS films in aqueous solution was studied by immersing the samples in 

distilled water, deionized water, tris-buffer solution, DMEM or LB medium (volume of  5 mL) 

for a set time in ambient atmosphere at room temperature or 37 °C. Then, the pPS coatings were 

dried at 50 C for 1 - 2 h to evaporate the water. Reference samples were prepared by heating 

directly the films without water immersion.  

The pPS films were analyzed before and/or after soaking in aqueous medium by XPS, 

FTIR, AFM, SEM, optical microscopy, Zeta sizer, UV-Vis spectroscopy and water contact angle 

measurements, detailed in Chapter 2.  

UV-vis absorption spectra of films deposited on ZnSe substrates and solution collected 

after immersion of samples for various time intervals were recorded using a Thermo Scientific 

Evolution 300 UV-Vis spectrophotometer. The wavelength range was between 200 and 500 nm.  

The size of soluble part released during pPS water immersion was measured at 20 C 

with an equilibration of 2 min using a Zetasizer ZS (Malvern Instruments S.A., Worcestershire, 

U.K.) in 173 scattering geometry.  
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3.3 STABILITY OF PLASMA POLYMERIZED FILMS IN AIR 

Ageing involves monitoring of plasma polymer surface composition over extended 

periods of time after deposition. The ageing process is also known as auto-oxidation. In long 

term applications, ageing is a limitation that plasma polymers may present. It is known that 

plasma films undergo certain reactions when exposed to ambient conditions. For example, the 

radicals from freshly deposited plasma polymers rapidly react with oxygen or water molecules 

during exposure to air. The ageing process consists in two steps:  

(i) primary ageing oxidation, molecular oxygen reacts with C-radical sites, 

resulting in the peroxy radicals (C-O-O*) and  

(ii) secondary reaction step, decay of the peroxy radicals and formation of 

different oxygen functionalities like C=O and COOH. [95] 
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Figure 21. FTIR spectra of pPSHe and pPSAr after 30 days of storage in ambient air.  

Ageing studies were performed to simulate the storage conditions before bacteria and 

cell studies. The FTIR, WCAs and AFM measurements confirm that pPS films did not 

experience detectable degradation, even after 30 days of storage in ambient conditions (Figure 

21-23). It is known that when a plasma polymer is exposed to air, oxygen incorporation occurs. 

Oran et al. [98] observed a higher oxygen uptake at the beginning and for harder plasma 

conditions (lower monomer flow rate and higher plasma power). Increasing the discharge power 

leads to a higher energy per monomer molecule, a high degree of fragmentation and re-

arrangement of monomer molecules, and consequently a higher concentration of surface radicals. 

The oxygen-free deposited plasma polystyrene sample is characterized by an oxygen uptake less 

than 5 % after 1-month storage time. [46] 

The pPS film stability studies during aqueous media exposure shows that the amount of 

low molecular weight fragments removed from pPS matrix decreases significantly for air-aged 

film compared with as-deposited coating. Therefore, the post-deposition reactions make the 

coating more stable, inducing cross-linking between polymer segments.  
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Figure 22. Water contact angle of (a) pPSHe and (b) pPSAr films as a function of storage time. 

 

(A)    (B)  

Figure 23. AFM topographic images scanned over 10 x10 m
2
 of pPSAr film (A) as-deposited and (B) 

after 30 days storage in ambient air. 

 

3.4 Stability of plasma polymerized styrene films in aqueous media 

To monitor the amount of material dissolved during the immersion in Milli-Q water, we 

acquired the absorbance spectra of the liquid in which the pPS films were soaked for different 

durations ranging from 1 h to 72 h (Figure 24.A). We cannot estimate the amount of low 

molecular weight fragments extracted from the plasma polymers because their thicknesses are 

different, around 550 nm for pPSHe and 950 nm for pPSAr. The higher amount of oligomers 

removed from the pPS films have been observed in the first two hours, and then no significant 

change in absorbance was measured. Similar results were reported by Manakhov and co-workers 

[121], according to their study the most significant loss appearing in the first hour of layer 

immersion. Initially we supposed that the absorbance increase is related to desorption of 

fragments which was physically deposited at the end of plasma polymerization process, after the 

discharge has been turned off. This assumption was not verified since there was no difference 

between samples kept 5 min in plasma reactor in continuous Ar flow and as-deposited ones. 

A slight decrease of pPSHe thickness was measured, but it is difficult to quantify because the film 

thickness increases when is soaked in water, due to water diffusion in the polymer network 

(Figure 24.B). 
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Figure 24. (A) The kinetics of the pPS films dissolution. Insert: UV spectrum of water in which the 

pPSHe film was soaked for 72 h and the images associated to each film. (B) –UV-vis spectra of styrene and pPS film 

as deposited and after 72 h of immersion in distilled water (230-500 nm). 

AFM imaging was carried out in order to understand the influence of aqueous elution 

on the pPS films topography. As can be shown in Figure 25 A-B, during immersion of plasma 

polymerized coatings in aqueous environment, the surfaces become microporous, resembling a 

honeycomb pattern. The m voids are uniformly distributed on the entire film surface and have 

diverse depths and widths. We suppose that the main cause of voids formation is the hydrolysis 

of the oligomeric part non-covalently bonded to the film matrix, which is related to plasma 

polymer cross-linking density.  
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Figure 25. Representative AFM topographic images of (A) pPSHe (stable part) and (B) pPSAr after 

immersion in distilled water for 72 h, scanned over 30 x 30 m
2
 and (C) their height profile. (D) Zeta size of low 

molecular weight constituents released from the pPS matrix. 
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A similar result was reported by Vasilev et al. [125], noting that the solvent induces 

formation of pore in n-heptylamine plasma polymers and by Carton et al.[48], reporting that the 

surface of plasma polymerized acrylic acid (-COOH) coating after water soaking is significantly 

modified by a lot of valleys.  

Honeycomb structured porous interfaces were obtained by Hernandez et al. [126] from 

blends of polystyrene with a glycopolymer using the breath figures assay (Figure 26). They 

found that the composition of the blend, humidity and temperature have a strong influence on the 

pore size and distribution  

 
 

Figure 26. AFM images (10 x10 m
2
) obtained by spin coating in a 44 % humid atmosphere with a blend 

composition of 20/80 [126]. 

Compared with untreated substrate, the pPS films deposited onto substrate pre-treated 

with Ar plasma for 1 min before deposition show better stability in aqueous media. As can be 

seen in Figure 24, the pPSAr* films exhibit less extraction of water soluble material. In addition, 

styrene polymerized using a mixture of helium gas and styrene vapors are sticky and easy to 

remove from the substrate. We observed a partial delamination of the coatings and floating 

sheets in solution, in contrast with films synthesized using a mixture of argon gas and styrene 

vapors. In addition, we performed a surface treatment with vinyltrimethoxysilane in order to 

enhance the adhesion between pPS film and glass substrate; however, no significant 

enhancement of the film stability was observed (experimental details are presented in 

Appendix I).  

Lerouge at al. [119] have reported that plasma pre-treatment of the substrate enhances the film 

adhesion to substrate and Abbas et al. [44] have proved that UV light-Ozone treatment of the 

substrate surface prior to deposition improves the adhesion and the stability in aqueous media.  

We found that the structures dimension and density depend on the plasma 

polymerization conditions and ageing effect. As can be observed in Figure 25.C-D, the voids 

diameter and depth depend on working gas (He/Ar), which is in good agreement with size 

distribution of fragments extracted from pPS films. The higher oligomer size measured for pPSAr 

confirms that pPS synthesized using Ar exhibits a higher degree of cross-linking than pPS 

deposited with He as the main gas, in agreement with Merche et al. [51]. 

In addition, a complete film delamination and dissolution were identified for 2-min 

deposition time and for higher monomer flow rates. Thus, the deposition time and monomer flow 

rate are key parameters that affect the stability of pPS coatings during aqueous media exposure.  

After aging in air followed by immersion in aqueous environment for 72 h the pPS topography is 

different, the voids dimension and the amount of material dissolved decrease. These findings 

confirm that the post-deposition reactions induce cross-linking between polymer segments 

making more stable to extraction of low molecular weight fragments from pPS. Vasilev et al. 

[125] observed the same behavior, the amount of material extracted from plasma polymers is 

reduced significantly for air-aged films compared with freshly deposited plasma polymers films.  

 

 

 

THF, casting, 
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(A)  

 

 

(B)    

(C)    
Figure 27. A) 2D and 3D AFM topographic images (30 x30 m

2
), B) SEM (10 m and 2 m bar) and C) 

top view images by using a fluorescence microscope (thioflavin S staining, 71.64 x 71.5 m
2
) of pPSAr* film after 

72 h of immersion in aqueous environments. 
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The stability of pPS films in aqueous media was also investigated by FTIR 

spectroscopy. As can be observed in Figure 28, there is no significant difference between the 

FTIR spectra of as-deposited films and those of samples immersed in aqueous medium for 72 h.  
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Figure 28. FTIR spectra of (A) pPSHe and (B) pPSAr films as-deposited and after immersion in MQ-water 

and/or LB medium for 72 h. The films were deposited on ZnSe substrate. 

According to XPS results, presented in Table 7 and Figure 29, the films chemical 

composition did not change so much after 72 h of immersion in Milli-Q water. The concentration 

of oxygen increased to 7.5 % for pPSHe and 5 % for pPSAr, in agreement with Manakhov et al. 

[121] results who measured an increase of 3-4 % after 48 h of immersion in water. Moreover, 

after water immersion, the ratio between the satellite shake-up (aromatic carbon) and the main 

peak (aliphatic carbon) decreases to 2 % for both films.  

Table 7. Elemental composition of pPSHe and pPSAr films before and after immersion in water for 72 h. 

pPS 
pPSHe pPSAr* 

before after before after 

C (%) 92.3 84.8 92.7 87.7 

O (%) 7.7 15.2 7.3 12.3 

O/C 0.083 0.18 0.078 0.14 
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Figure 29. C1s high resolution XPS spectra of pPSHe and pPSAr* as-deposited and after 72 h of immersion 

in distilled water. The line + symbol represent the experimental data and the lines represent the individual 

contributions. 

The immersion of pPS films in water leads to an increase and to formation of polar 

groups such as C-O and C=O, in agreement with WCA measurements (Figure 30.A). The 

coatings after 72 h of immersion in distilled water became more hydrophilic.  
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Figure 30. WCA measurements as a function of immersion time in Milli-Q water and DMEM. Error bar 

shows a standard deviation of 10 drops for one sample. 

We identified that the stability of pPSAr films is sensitive to pH changes of the solution 

in which they are immersed (Figure 30.B). The film in basic solution was completely removed 

and in acidic solution we found an increase of oligomeric components loss. 

According to the published results, the annealing may be a proper method to improve 

the water solubility of plasma polymers. Further, the thermal annealing is used as sterilization 

procedure. Carton et al. [48] reported that by heating (200 °C) the substrate during the 

deposition, the coatings stability increases significantly and Mielczarski et al. [97] observed that 

annealing of PS films (average MW, 250 000, Acros Organics and Sigma Aldrich) at 75°C and 

85 °C for 2 h makes them more stable under PBS treatment.  

In our case the thermal or plasma treatment and UV irradiation for a shorter period of 

time led to complete delamination or photo-degradation of the coatings.  
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CONCLUSIONS  

Plasma polymerized styrene films synthesized using a mixture of helium or argon gas 

and styrene vapors are stable at least 30 days in air. 

One of the main challenges was to obtain films relatively stable in aqueous media. The 

optimum stability under biological media was achieved for aged plasma polystyrene films 

deposited using Ar/S mixture onto pre-treated glass coverslips for 1 min with Ar plasma. 

Therefore, the post-deposition reactions induce cross-linking between material segments and the 

pPS films synthesized using Ar exhibit a higher degree of cross-linking than pPS deposited with 

He due to the higher energy supplied per unit monomer. 

Our results show clearly that the pPS surface changes when it is soaked in water-based 

liquids, resulting in a honeycomb pattern. We found that the amount of fragments extracted from 

pPS coating and the voids diameter and depth depend on the working gas (helium or argon), 

deposition time and monomer flow rate. The films deposited at low monomer flow rate are more 

stable compared to the films deposited at a high monomer vapor pressure and low deposition 

time. In addition, the modification occurs quickly, in two hours once the films are soaked in 

biological environments and the chemical compositions of films did not change significantly 

after immersion in aqueous media. We assume that a main cause of the solubility is the low 

degree of cross-linking and of pore formation is the extraction of the oligomeric parts non-

covalently bonded to the film network. 
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CHAPTER 4. RESPONSE OF EUKARYOTIC AND PROKARYOTIC 

CELLS TO PPS SURFACE PROPERTIES  
 

 

The low fouling behavior of plasma polymerized styrene films have been tested against 

HeLa (human cervical carcinoma), U-87 MG (human glioblastoma) and HEK-293 (human 

embryonic kidney) cell lines. In addition, the capacity of the coatings to prevent the bacteria 

adhesion and biofilm formation was determined using Escherichia coli (E. coli) strain LF82.  

 

4.1 INTRODUCTION  

Biofouling represents a serious problem in domains such as bio-medicine (biosensors, 

biomedical devices), food processing, marine industry or water filtration and purification 

systems. For this reason, there is a growing interest on the design of new antibacterial surfaces 

or to improve the performance of existing surfaces. The antibacterial surfaces can be classified 

into antibiofouling and bactericidal surfaces, according to their action mode. The antibiofouling 

surfaces prevent the attachment and accumulation of unwanted biomolecules and micro-

organisms, while biocidal surfaces are those that kill cells through chemical mechanism or 

agents. [1-3] 

Plasma polymerization, surface treatment and material etching have become particularly 

attractive for the design of antibacterial coatings, because they have the advantage to modify the 

surface chemistry without affecting the material bulk properties. In addition, the material surface 

properties, like chemical composition, roughness or wettability can be tailored by tuning the gas 

composition, the plasma reactor geometry or the external plasma parameters. Plasma etching can 

be employed to obtain various kinds of nano- and micro-structured surfaces [4], and plasma 

polymerization to deposit films with different chemical domains, from cell-repulsive to cell-

adhesive area [5], hydrophilic alternating with hydrophobic regions [6] or antibacterial coatings 

[2, 90]. Particularly, plasma modified surfaces were used to attach or to incorporate biocidal or 

bacteriostatic molecules, including natural compounds [8-11] or silver ions and other 

nanoparticles [12-14].  

The cell/surface material interface is a complex topic, depending on the physico-

chemical properties of the substrate, characteristics of biological medium and cells type. In 

recent years, various studies have shown that the surface topography is an important factor, that 

can influence the micro-organism/surface interaction. The results proved that the surface features 

size, shape, the distance between them and their organization have a strong impact on the cell 

behavior. Special attention has been devoted to micro-organism response to nanoscale surface 

features, then to microscale.  

Moreover, only a few studies have investigated the material properties influence on 

bacteria biofilm. Compared with planktonic bacteria, sessile bacteria are much more difficult to 

remove and to kill, owing to extracellular polysaccharide matrix that provides more resistance to 

the inhibitory effects of antibacterial agents.  

A major challenge remains the design of surfaces able to favor cell adhesion and inhibit 

bacteria colonization or the design of surfaces that can prevent bacterial attachment and release 

of antibacterial agents only when is needed.  
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4.2 EXPERIMENTAL DETAILS 

4.2.1 Chemicals 

Thioflavin S (230456), glutaraldehyde solution (G6257), dopamine hydrochloride 

(H85502), tris buffered saline (T6664), Hoechst 33342 (H3570), propidium iodide solution 

(P4864), Dulbecco‟s modified Eagle‟s medium (DMEM), fetal-calf serum and 

penicillin/streptomycin mix, Cell Counting Kit-8 were purchased from Sigma-Aldrich and used 

as received.  

4.2.2 Film cytotoxicity 

Cell lines (Appendix II):  

 THP-1 - human monocytic cell line derived from an acute monocytic 

leukemia patient. 

 HeLa - human cervical cancer cell line. 

 U-87 MG - human glioblastoma cell line. 

 HEK – 293 - human embryonic kidney cell line  

Cell culture. Human THP-1 cells were grown in RPMI-1640 supplemented with 10 % 

fetal-calf serum (FCS) and 1 % penicillin/streptomycin mix and HeLa, U-87 MG and HEK –

 293 cells were grown in Dulbecco‟s Modified Eagle‟s medium (DMEM, Gibco®) supplemented 

with 10 % fetal-calf serum (FCS, Gibco®)) and 1 % penicillin/streptomycin mix (Gibco®). The 

cells were maintained at 37 C and 5 % CO2 in a humidified incubator. Cells were seeded on 

1.2 cm round glass coverslips, plasma polymerized styrene films as deposited (pPS) and pre-

treated in DMEM (pPS-72 h) (before experiment the samples were immersed in DMEM for 

72 h). Each well was loaded with approximately 1 × 10
5
 THP-1 cells and 5 × 10

4 
HeLa, U-87 

MG and HEK – 293 cells, in 500 L of medium.  

During the incubation, cell adhesion, spreading and growth were assessed using phase-

contrast light microscopy. Images of cells were taken at 24 h intervals over a period of 3 days 

using a phase-contrast light microscope (Nikon Eclipse TS 100, Nikon – ELWD 0.3/OD75) and 

a mounted camera.  

Cytotoxicity assay. The cell viability was evaluated using Cell Counting Kit-8 (CCK-8, 

Sigma Aldrich) assay. Briefly, after 72 h of incubation in a 5 % CO2 atmosphere at 37 C, the 

medium was aspired, further to remove dead cells debris and remaining growth medium the cells 

were washed with 500 l PBS. The incubated surfaces were transferred into a new 24-well cell 

culture plate. Cells were harvested by trypsination, 50 l trypsin (0.05 %)/well was spread in a 

uniform layer and incubated for 5 - 10 min at 37 C and 5 % CO2 in the humidified incubator. 

Then the cell suspension was transferred to a 96-well plate (100 l/well, 5 wells per sample) and 

incubated for 6 h at 37 C and 5 % CO2. After 6 h in each well of the plate (+ 2 well with 

DMEM) was added 10 l of the CCK-8 solution and then the plate was incubated for an 

additional 3 h in the incubator. The absorbance of each well at 450 nm was recorded using a 

microplate reader (PHERAstar FS, BMG LABTECH GmbH, Germany). The cytotoxicity was 

expressed as the percent cell viability to the viability of the control cells, the cells grown on the 

glass coverslips represented the 100 % viability value. Each condition was replicated for five 

times; data are presented as means ± standard deviation.  

In Figure 31 is schematically illustrated the protocol followed to study the pPSAr* film 

cytotoxicity. 

 



37 

 
Figure 31. Schematic illustration of the experimental steps followed to study the pPSAr* cytotoxicity. 

4.2.3 Film antibacterial properties 

Culture conditions and the spread plate method: A single E. coli LF82 colony from 

LB agar plate was inoculated overnight in LB (Luria-Bertani) medium at 37 C with moderate 

shaking. The pre-culture was diluted 50-fold and allowed to continue for another 3-4 h, until the 

OD600 nm had reached 0.6-1. The culture was then diluted to 10
3 

CFU/mL and transferred to a 24 - 

well plate. The 12 mm surfaces were placed in each well and incubated for 72 h at 37 ºC with 

1 mL bacteria (10
3
 CFU/mL) to form biofilms. As control we used glass and polystyrene (PS) 

culture plate. After incubation all samples were washed twice with Milli-Q water.  

Viability test. The loss of LF82 viability was evaluated by colony counting method in 

LB agar. This method is known as spread plate method and is frequently used for antibacterial 

assessment. Non-diluted samples and series of 10-fold cell dilutions (10 l each) were spotted 

onto LB-agar plates and left to grow overnight at 37 C. Colonies were counted and compared 

with those on control plates.  

Proliferation test. 

 Static – the samples were placed in 24-well plates and incubated for 24 h at 37ºC 

with 1 mL bacteria (10
3
 CFU/mL). After the incubation, the optical density at 600 nm was 

measured. 

 Dynamic – the samples were placed in 15 mL centrifuge tubes and incubated 

with 2 mL bacteria (10
3
 CFU/mL) for 24 h at 37 ºC in an incubator shaker. After the incubation, 

the optical density at 600 nm was measured. 

Biofilm observation and fluorescence staining. Visualization of bacteria was 

performed by Leica AF6000 LX system after staining with Thioflavin S (Sigma Aldrich, 1326-

12-1). The Thioflavin S stains the amyloid proteins that typify bacteria biofilm. 

Briefly, the biofilm was stained by adding 1 mL in each well-plate of a 40 g/ml TH-S solution 

for 10 min in the dark at room temperature. For microscopy measurements, the samples were 

placed on microscope slides and the edge glass coverslips were sealed with nail polish. 

Live/dead staining. The cells were stained with DAPI/PI. The propidium iodide 

(PI,ex= 538 nm, em = 617 nm, red) penetrates only damaged cells in contrast to 4',6'-

diamidino-2-phenylindole (DAPI, ex= 358 nm, em = 463 nm, blue) that labels all bacteria, live 

(green fluorescence) and dead (red fluorescence).  

http://www.leica-microsystems.com/website/lms.nsf
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The bacteria were stained by adding 1 mL in each well-plate of a 2 g/ml DAPI and 0.4 g/ml PI 

solution for 10 min in the dark at room temperature. For microscopy measurements, the samples 

were placed on microscope slides and the edge glass coverslips were sealed with nail polish. 

In Figure 32 is schematically illustrated the protocol followed to assess the capacity of 

the pPSAr* film to prevent bacteria adhesion and biofilm formation. 

 
 

Figure 32. Schematic illustration of the experimental steps followed to assess the bactericidal effect of 

plasma polymerized styrene films. 

 

4.3 ANTIBIOFOULING PROPERTIES OF PLASMA POLYMERIZED STYRENE FILM 
 

4.3.2.1 Influence of surface properties on cell adhesion  

A. Influence of surface properties on cell adhesion and viability 

The in vitro cytotoxicity of pPSAr* coating with and without pre-incubation in DMEM 

demonstrated that the film is toxic for several types of eukaryotic cells, like HeLa (human 

cervical carcinoma), U-87 MG (human glioblastoma) and HEK-293 (human embryonic kidney) 

and non-toxic for HTP-1 (human monocyte type, non-adherent). As can be seen in Figure 33, in 

the case of adherent cells, after 72 h of incubation significant differences in the number of the 

adherent cells between glass and plasma coatings were observed. The low biocompatibility can 

be related to the coating solubility, topography and chemical composition.  

It is known that the coating instability can affect protein adsorption and default cell 

adhesion. Initially, we supposed that the cells attached to the surface are removed with the 

oligomeric parts of the films in the cell medium, although the surface modification occurs 

quickly. In order to validate this hypothesis, we seeded cells on both as-deposited and 72 h 

DMEM pre-treated pPSAr* coatings. The results confirm that the adherent-cells are not able to 

attach and grow on both samples and the products leached from pPS matrix did not exhibit 

negative effects on non-adherent cell viability after 72 h of culture.  
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Figure 33. (A) Relative cell viability of THP-1 (non-adherent) and U-87 MG, HeLa and Caco-2 

(adherent) cells, grown on glass, as deposited and DMEM pre-treated pPSAr* after 72 h of culture. (B) Phase contrast 

microscopy images (×10) of THP-1, HeLa, HEK and U-87 MG cells after seeding on glass, as deposited and 

DMEM pre-treated pPSAr* after 72 h of culture. 

B. Evaluation of cell adhesion on polydopamine-coated plasma polymerized 

styrene film 

It is known that an alternative way to control the cell-material response and to reduce 

the surface cytotoxcity is the immobilization or grating of biomolecules, such as collagen, 

chitosan, gelatin or fibronectin or to deposit a biocompatible coating [127].  

With the aim to understand if the cells‟ response is mediated by film chemical 

composition, we coated the pPSAr* surface with a polydopamine (PDA) layer. The 

biocompatibility of polydopamine layer is confirmed by various studies [128-130].  

The PDA deposition was performed via self-polymerization of dopamine in alkaline pH. Briefly, 

the pPS films were immersed into a dopamine solution (2 mg/ml in 10 mM Tris-HCl buffer at 

pH 8.5) for 1 and 4 h at room temperature and then rinsed with distilled water to remove the 

unattached dopamine molecules (Figure 34). Lee et al. [131] reported that the PDA film 

thickness after 3 h of immersion is 10 nm and 50 nm after 24 h. The WCAs and FTIR 

measurements confirm the deposition of PDA layer (Figure 35).  

blank wells  

HEK 

(B 
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Figure 34. A schematic illustration of polydopamine thin film deposition and the color changes of 

solutions at different reaction times. 
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Figure 35. FTIR spectra of pPSAr* film before and after immersion in dopamine solution for 1 h and 4 h. 

The inset shows the theoretical polydopamine structure. 

 

As seen in Figure 36, there is no significant difference in HEK cell viability between 

as-deposited and polydopamine-coated pPSAr* film. Consequently, the results confirm that the 

cell-repulsive properties of pPSAr* films are mediated mainly by surface topography. The 

presence of voids uniformly distributed on the entire pPSAr* surface with 2-5 m width and 30 -

50 nm depth prevents the attachment of mammalian cells. 
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Figure 36. Relative cell viability of HEK cells, grown on glass, as-deposited and PDA-coated pPSAr* 

after 72 h of culture. 
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4.3.2 Antibacterial activity of plasma polymerized styrene films 

Escherichia coli (E. coli) strain LF82 isolated from a patient with Crohn‟s disease (CD) 

was used to evaluate the antibiofouling properties of the pPSAr* films.  

Crohn‟s disease is an inflammatory bowel disease characterized by a chronic transmural 

segmental and typically granulomatous inflammation of the intestine in humans. [132-134] 

As seen in Figure 37, the adherent bacteria number on the plasma polymerized styrene 

film was significantly reduced compared to glass and polystyrene (commercial) surfaces. The E. 

coli cells seeded onto control surfaces are embedded in a thin film of extracellular 

polysaccharide matrix, which is stained in blue. By using Thioflavin S could be visualized the 

surrounding matrix of bacteria biofilm. Moreover, a large fraction of bacteria anchored on pPSAr* 

surfaces are dead (red).  

We assume that the low fouling behavior of pPSAr* surface was determined by the presence of 

micro-topographical features of 2-5 m in width and 30 -50 nm in depth. A similar result was 

found by Ploux and co-workers [135], showing that bacteria are not able to attach on surfaces 

composed of a grooves succession with 1.6 m width and 40 nm depth. Also, Xu et al. [136] 

demonstrated that submicron surface textures, composed of ordered and uniform pillars with 

400/400 nm and 500/500 nm pattern, inhibit S. epidermidis biofilm formation, due to the 

decrease in surface that bacteria can attach to.  

A 

 

B C 

   

   

   

Figure 37. Scanning electron micrograph and epifluorescence microscopic images (bottom) of 

live(blue)/dead (red) E. coli species, stained with DAPI/PI and thioflavin S on (A) PS, (B) glass and (C) pPSAr* 

surfaces. 
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Furthermore, the activity of planktonic bacteria living in the near surrounding of the 

material is not affected, which correlated well with the result obtained for non-adherent cells 

(Figure 38).  
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Figure 38. (A) Final concentration of E. coli in static and dynamic conditions for different samples. (B) 

Photographs of the E. coli colonies incubated on the solid medium with different treatments. 

 

 

CONCLUSIONS  

Our results prove that the topography of plasma polymerized styrene film plays a 

significant role in mediating the attachment of eukaryotic and prokaryotic cells.  

We assume that cell behavior onto pPSAr* surface is controlled by the interaction 

between surface and its surrounding environment, like DMEM or LB medium and then between 

cells and the micro-structured substrate.  

The pPS micro-structured surface influences the adhesion and proliferation of 

mammalian cells and prevents E. coli bacteria adhesion and biofilm formation. In addition, the 

biological activity of non-adherent cells and planktonic bacteria living in the near surrounding of 

the coatings is not affected.  

Therefore, the non-biocidal pPS coating can be useful in application where micro-

organism colonization and biofilm formation is not desired, such as marine equipments or air 

filters. 
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Appendix 

I. Glass surface treatment with vinyltrimethoxysilane (C2H6Si)  

The glass coverslips (12 mm) were rinsed with acetone, ethanol, Mili-Q water and dried 

in oven at 50 °C, followed by immersion in Piranha solution (mixture of sulfuric acid and 

hydrogen peroxide). Then the substrates were submerged into a 10 mM vinyltrimethoxysilane 

solution in toluene for 2 h at 85 °C. The excess of unreacted vinyltrimethoxysilane was removed by 

rinsing copiously with toluene.  

(A) (B)  
WCAs of glass coverslip before (A) and after (B) silanization treatment. 

II. Description of cell lines used in this study. (lgcstandards-atcc.org) 

 THP-1 

 

HeLa 

 

HEK – 293 

 

U-87 MG 

 

Organism Human Human Human Human 

Tissue Peripheral blood Cervix Embryonic kidney Brain 

Cell type Monocyte Epithelial cell Epithelial cell Epithelial cell 

Culture 

properties 
Non-adherent Adherent Adherent Adherent 

Biosafety 

level 

1 2 2 1 

Disease Acute monocytic 

leukemia 

adenocarcinoma - Glioblastoma, 

astrocytoma 

Age 1 year infant 31 years adult Fetus 44 years 

Gender Male Female - Male 

 

 

III. Cytotoxicity assay 

Cell Counting Kit-8 is sensitive colorimetric assay, used for the determination of the 

number of viable cells in cell proliferation and cytotoxicity assays. The WST-8 (2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), highly 

water soluble tetrazolium salt, is reduced by dehydrogenases in cells to give an orange colored 

product (formazan), which is soluble in the culture medium. The number of the formazan dye 

generated by the activity of dehydrogenases in cells is directly proportional to the number of 

living cells. The absorbance at 450 nm is proportional to the viable cell number. The detection 

sensitivity of CCK-8 is higher than other tetrazolium salts such as MTT, XTT, MTS or WST-1. 

(www.sigmaaldrich.com) 
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Structure of WST-8 and WST-8 formazan.  
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light-triggered anticancer and 

antibacterial activity, and for drug 

delivery 
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INTRODUCTION  

The increase of multidrug-resistant bacteria infections has become an important 

problem in modern healthcare that requires the development of new strategies for which 

pathogens will not be able to develop resistance. An attractive alternative to conventional 

antibiotics is the utilization of agents that cause physical or chemical damage to antimicrobial 

resistant strains under the influence of an external stimulus, such as light-responsive NPs. In 

recent years, photodynamic therapy (PDT) and photothermal therapy (PTT) have been 

established as alternative bactericidal methods to fight against infectious diseases [1-3]. PDT 

involves the combined use of a photosensitizer (PS), oxygen and a convenient light source to kill 

microorganisms. The advantage of antimicrobial PDT includes equal killing efficiency 

indifferent of antibiotic resistance, the repetition of therapy without cumulative toxicity and high 

spatial and focus control. The current applications of PDT are often limited by the PS issues, 

including poor water solubility, stability and selectivity, their tendency to aggregate under 

physiological conditions and excitation wavelength. Ideally, the absorption spectra of the PS 

overlap with the tissues optical window, where the penetration depth is optimal. Moreover, two-

photon absorption-induced excitation of PS is another promising approach to increase light 

penetration. In the last years, considerable efforts have been devoted to the loading of PS onto 

nano-platforms in order to overcome their short-comings and to increase the singlet oxygen 

generation (
1
O2). Among the different nanostructures investigated to improve the PDT 

efficiency, silica coated gold nanostructures are most promising candidates due to their 

remarkable optical properties, their surface versatility and biocompatibility. [4, 5] 

In the first part, we demonstrated that near-infrared (NIR) plasmonic nanoparticles (Au 

nanorods), surrounded by an indocyanine green-embedded silica shell (Au NRs@SiO2-ICG) 

exhibit no cytotoxicity to HeLa and Caco 2 cells and show enhanced capacity to inactivate a 

virulent strain of Escherichia coli associated with Crohn‟s disease under 810 nm pulsed-mode 

laser irradiation. The results revealed that the amount of generated singlet oxygen is highly 

sensitive to the indocyanine green (ICG) concentration integrated to the silica shell and fine 

tuning of the plasmonic structures seems to increase even more the PDT efficiency. We achieved 

a 6 log10 reduction in E. coli LF82 viability by using a low concentration of gold nanostructures 

displaying a plasmonic band at 900 nm, without any photothermal effects. It should be noted that 

10
6
 CFU/mL is a high bacterial concentration and such contamination rarely occurs. In addition, 

we observed a 3log10 reduction of bacteria viability using Au NRs@SiO2 without ICG, due to 

formation of reactive oxygen species (ROS) under two-photon irradiation. It is known that gold 

nanorods exhibit large two-photon absorption cross-sections, making them suitable for the 

generation of ROS. [6] We believe that this behavior is due to the physical disruption of the 

bacteria membrane through the impact of locally generated reactive oxygen species. [4, 5] 

In summary, the particle-based photodynamic therapy combined with a pulsed laser in 

the NIR regions offers a new perspective for the treatment of bacterial infections, due to the 

increased penetration depth and high spatial resolution. 
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Initially, the nanoparticles (NPs) were developed to improve the pharmacokinetics of 

drugs, but due to their remarkable properties, the bio-medical applications of NPs increased 

significantly over the last years. Moreover, the NPs-based diagnostic or therapeutic products 

(e.g. Doxil, Abraxane or Feridex) have been implemented into clinical practice. The 

research activity in this direction led to formation of a new field named as “Nanomedicine‖, an 

interdisciplinary research area between materials science, physics, chemistry, biology and 

medicine.  

Even though, the field of nanomedicine has experienced a huge progress in the last decades, the 

major challenge remains to design a single multifunctional nano-platform able to combine 

targeting, imaging and therapeutic functions for simultaneous detection/diagnosis and treatment 

of diseases, paving the avenue towards personalized medicine. [4, 5] 

Till now, NPs have been synthesized from various building blocks (e.g. organic and 

inorganic materials) and synthetic routes. Iron oxide, quantum dots, carbon nanotubes, silica and 

gold nanoparticles are proposed for building up of NPs-based theranostics. A viable alternative 

might be functionalized carbon dots (CDs), due to their remarkable properties. In addition, the 

presence of functional groups on CDs surface allows the conjugation of various therapeutic 

agents (e.g. anticancer, antibacterial or antiviral agents). Further, the use of nano-sized carrier for 

the delivery of bioactive molecules is a promising approach, which might solve several 

limitations of the current drug delivery systems.  

The second part of the study is focused on the synthesis, physico-chemical 

characterization and biological effects of carbon dots (CDs). Amino-functionalized CDs were 

synthesized by a simple hydrothermal treatment of citric acid and ethylenediamine. The low 

toxicity, excellent cell membrane permeability, high stability, solubility and fluorescence 

quantum yield suggest that the CDs are a promising alternative for biomedical applications. The 

in vitro results demonstrated the intrinsic theranostic application of CDs, as a non-toxic imaging 

probe and as a photodynamic agent, providing an effective approach to kill cancer cells. 

Moreover, the amino-functionalized CDs were used as a carrier for the delivery of ampicillin 

(Amp). The CDs@Amp conjugate integrates the fluorescence properties of CDs and the 

antibacterial function of ampicillin into a single unit. The in vitro results showed that CDs@Amp 

conjugate minimal inhibitory concentration was significantly reduced when compared to free 

ampicillin.  

It has to be highlighted that only a few studies have reported the intrinsic theranostic application 

of CDs [7, 8] or have been focused on the development of CDs as nano-sized carriers for 

antibiotics delivery [9].  
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CHAPTER 1. ANTIMICROBIAL PHOTODYNAMIC AND/OR 

PHOTOTHERMLA THERAPY 
 

The increase of multi-drug resistant pathogens, followed by biofilm formation has 

become an important worldwide healthcare issue that requires the development of new 

antibacterial-based platforms to kill pathogens or to prevent bacteria adhesion and biofilm 

formation. It is estimated that approximately 60 % of nosocomial infections are determined by 

the multiple drug resistant bacteria (MDRB) [10]. Even third-generation antibiotics, like 

cephalosporins, are becoming ineffective to treat bacterial infections. 

Recent advances in nanoscience and nanotechnology have contributed to the 

development of multifunctional nanoparticles with therapeutic, imaging and targeting properties. 

These composite nanoparticles have drawn considerable attention for selective labeling, 

detection and killing of bacteria. Therefore, an attractive alternative to conventional antibiotics is 

the utilization of agents that cause physical or chemical damage to antimicrobial resistant strains 

under the influence of an external stimulus, such as light-responsive NPs. In this context, 

photodynamic therapy (PDT) and photothermal therapy (PTT) are promising alternative 

bactericidal methods to fight against infectious diseases. In general, photo-based treatment of 

bacteria causes a physical disruption of the cell membrane and/or protein denaturation through 

oxidative reactions or local hypertermia, resulting in immediate cell lyses. Compared to Gram-

positive bacteria, Gram-negative bacteria are more resistant to PDT due to their complex cell 

wall. [25] Thus, the additional outer membrane acts as a protective barrier, restricting the 

attachment PS molecules and reducing the effects of ROS species. Considerable efforts have 

been devoted to improve the selectivity of the PS for pathogens in order to avoid the damage of 

healty cells. 

1.1 FUNDAMENTAL AND APPLIED ASPECTS OF PHOTODYNAMIC THERAPY 
 

Although initially the PDT efficiency was proved against micro-organisms, a great 

attention has been paid to the development and implementation of PDT as cancer treatment 

approach, as illustrated in Figure 1.1. In the recent years, due to remarkable results towards 

multidrug-resistant bacteria infections, PDT is proposed as an alternative antimicrobial therapy. 

Depending on the application domain, the antimicrobial PDT is known as photodynamic 

inactivation, lethal photosensitization, photoactivated disinfection or photodynamic antimicrobial 

chemotherapy.  

 
Figure 1.1. History of photodynamic therapy (PDT) [20]. 
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The in vivo studies and clinical trials demonstrated the effectiveness of PDT to treat a 

wide range of infections, including skin infections (e.g. acne vulgaris [11-13], rosacea [14], 

erythrasma [15], cutanrous warts [16], leishmaniasis [17]), dental infections (e.g. periodontitis 

and endodontics) and gastric Helicobacter Pylori [18, 19]. For example, Ondine Biopharma 

(North America) is using methylene blue and 660 nm light for the treatment of periodontitis, 

HELBO Photodynamic systems (Austria) and Denfotex (UK) are using toluidine blue O and 

635 nm light to treat periodontitis, endodontics and/or caries.  

The limitation of antimicrobial PDT is that it can be applied to treat localized infectious diseases 

and not systemic infections like bacteremia and sepsis. [2, 21-33] 

 Photophysics 

Photodynamic therapy is based on the combined use of a photosensitizer (PS), oxygen 

and a convenient light source to induce cellular and tissue effects. The effects are mediated by 

various factors, including the physico-chemical properties and sub-cellular localization of the PS, 

the concentration of reactive oxygen species (ROS), the source intensity and wavelength and cell 

types.  

Following the PS irradiation with light of specific wavelengths, usually visible or near-

infrared, the PS is activated from a ground to an excited state. The ground state (known as singlet 

state) has two electrons with opposite spins, which after the absorption of photons one of these 

electrons is boosted into a high-energy orbital, keeping its spin. This is a short-lived 

(nanoseconds) species and it can lose its energy by emitting light (fluorescence) or through 

internal conversion into heat. The 
1
PS* may undergo the intersystem crossing where the spin of 

the excited electron inverts (spin parallel) to form the relatively long-lived (microseconds) triplet 

excited states. The 
3
PS* can relax to the ground state by emitting light (phosphorescent) or 

transferring energy to another molecule (e.g. to excite oxygen to its singlet state). These 

processes are illustrated in Figure 1.2. [20, 24, 33-35] 
 

 

       
Figure 1.2. Photophysical and photochemical mechanisms of PDT, where 

1
PS is a PS in a singlet ground 

state, 
3
PS* is a PS in a triplet excited state, S is a substrate molecule, PS

-
 is reduced PS, S

+
/PS

+
 is an oxidized 

substrate/PS molecule, S(O) is an oxygen adduct of a substrate [33, 34]. 
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 Photochemistry 

The PS triplet excited can undergo two kinds of photochemical reactions, which are 

known as Type I and Type II photoreactions (Figure 1.2).  

In a Type I, the 
3
PS* reacts directly with the biological substrates, such as cells 

membrane or biomolecules, leading to formation of radicals. Further, these radicals can react 

with oxygen to produce reactive oxygen species (ROS), including superoxide, hydroxyl and 

hydrogen peroxide radicals. 

In a Type II reaction, the 
3
PS

* 
can transfer its energy to ground-state molecular oxygen 

(
3
O2) to produce singlet oxygen (

1
O2). The energy required to occurs the 

3
O2  

1
O2 transition is 

9 kJ/mol (22 kcal/mol), which corresponds to 1274 nm wavelength.  

Both Type I and Type II photoreactions occur simultaneously and the ratio between 

these processes depends on the PS photo-chemical properties as well as the substrate and oxygen 

concentration. [20, 24, 33-35]  

 

 Properties of singlet oxygen 

The amount of 
1
O2 generated by a PS is quantified by its quantum yield (). In 

general, each PS molecule can typically produce 10
3
-10

5
 

1
O2 molecules before being degraded 

through photobleaching or by other processes. Singlet oxygen has a short half –life (< 40 ns) and 

radius of the action (< 20 nm) in biological systems, leading to a localized therapy. [24, 29, 34, 

36] 

 Types of photosensitizers (PSs) 

The PSs used in clinical practice are basically from three categories of porphyrins, 

chlorophylls and dyes. The current applications of PDT are limited by the PS issues. The ideal 

PS designed for biomedical applications should fulfill various properties, including low dark 

toxicity, selective accumulation in the interest area, water solubility, photostability and high 

absorption coefficient in the NIR spectral region. In addition, most of PSs produce fluorescence 

after light irradiation, which can be used for imaging and detection. The results revealed that the 

PDT reactivity is affected by “shelf-shield” (the tissue light penetration decrease due to the 

absorption of light by the PS molecules) and PS “photo-bleaching” (a photo-degradation of the 

PSs during the light exposure).[34, 35, 37, 38] 

 Light source and wavelength 

The light source and the light delivery are two important aspects in PDT. In general, the 

selection of light source for PDT is imposed by PS optical properties. The light wavelength is 

selected to coincide with the maximum absorption wavelength of the PS. Both laser and lamps 

have been employed to carry out PDT treatment. Compared to lamps, laser produces highly 

coherent monochromatic light that can be efficiently delivered to the treatment site directly or 

through optical fiber. The dye lasers pumped by argon or metal vapor lasers, frequency-doubled 

Nd:YAG lasers, diode laser, light emitting diodes (LEDs) and femtosecond lasers have been 

used or investigated for PDT.  

Currently approved photodynamic agents absorb in the visible spectral regions below 

700 nm, limiting their application to treating surface and superficial lesions (Figure 1.3 A). As 

can be seen in Figure 1.3 B, the tissue optical window is in the near infrared spectral range (700-

1100 nm). For this reason, there is a high interest for development of PS or PS-based 

nanoplatforms absorbing in the NIR range. Naphthalocynanine (776 nm), bacteriochlorin 

(780 nm), indocyanine green (780 nm) and Alexa fluor (750 nm) are some photosensitizers 

falling into this category. 
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(A)  (B)  
Figure 1.3. (A) Photosensitizer absorbance compared to tissue transmittance. (B) Absorption spectra of 

principal tissue chromophores in the human body [29, 36]. 

 

Two-photon absorption-induced excitation of PSs is another promising approach to 

increase light penetration. Femtosecond solid state laser is used for two-photon excitation. The 

laser emits a large number of photons during a very short pulse and the emitted photons are 

focused into a small volume. Compared with PS one-photon excitation that is a linear process, 

the PS two-photon excitation is a nonlinear process, in which two photons (NIR) are near-

simultaneously absorbed ( = 10
-16

s). The two photons have approximately half of the energy 

and double of the wavelength of the photon required for a single photon excitation (Figure 1.4). 

One photon excites the PS to a “virtual” intermediate state, while the second photon excites the 

PS to the excited state. For example, gold nanorods present a large two-photon absorption cross-

section. [2, 3, 29, 33, 34, 38-41] 

(A)     (B)  
Figure 1.4. Simplified Jablonski diagram of (A) one and (B) two-photon absorption-induced excitation of 

a photosensitizer (PS) [42]. 
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1.2. PARTICLE-BASED PHOTODYNAMIC AND/OR PHOTOTHERMAL 
TREATMENT OF BACTERIAL SUSPENSIONS 

Over the last years, various published works have demonstrated the effectiviness of 

photodynamic and photothermal approaches based on the combination of nanostructures or PS-

loaded onto nano-platforms with a convenient light source to kill micro-organisms, as can be 

observed in Table 1.1. In contrast to PDT which involves the combined use of a photosensitizer 

(PS), oxygen and a convenient light source to destroy pathogenic bacteria, PTT is based on the 

use of strong light-absorbing materials, which during laser/lamp exposure induce local 

hyperthermic effects. The hyperthermia induces irreversible cell damage by destroying cell 

membrane and denaturing proteins. [1, 43] For example, in this study [1], we demonstrated that 

the polyvinylpyrrolidine-coated Prussian blue nanoparticles (PVP/PB NPs) is an efficient 

photothermal agent able to inactivate both Gram-positive and Gram negative pathogens under 

810 and 980 nm irradiation for 10 min. Moreover, a selective killing of pathogens over HeLa 

cells was obtained using a 980 nm CW laser and PVP/PB NPs concentration less than 50 g/mL. 

Huang et al. [44] demonstrated that vancomycin functionalized Fe3O4@Au nanoeggs are 

effective photothermal agents for the selective killing of pathogenic bacteria by irradiating them 

with NIR laser (808 nm, 250 mW cm
-2

, 3 min). Wu et al [46] proposed reduced graphene oxide 

functionalized with glutaraldehyde with embedded magnetic particles for the efficient capture 

and killing of both gram-positive Staphylococcus aureus and gram-negative Escherichia coli 

bacteria upon near-infrared (NIR) laser irradiation. 

The various studies devoted to the design of nanoparticles-based platforms for light 

triggered antimicrobial activity, have proved that the PS 
1
O2 quantum yield is enhanced when the 

PS molecules are attached onto nano-platforms. According to Lucky et al. [41], the nanoparticles 

used in PDT can be classified into (1) carriers of PSs, (2) PSs by itself and (3) energy transducers 

of PS. In addition, the nanoparticles may be biodegradable (e.g. natural or synthetic polymer-

based nanoparticles) and non-biodegradable (e.g. ceramic- and metal-based nanoparticles). 

Kuo et al. [24] demonstrated the eradication of methicillin-resistant Staphylococcus aureus 

(MRSA) by using toluidine blue modified gold nanorods (Au-PAA-TBO) via simultaneous 

photodynamic inactivation and hyperthermia. Khlebtsov et al. [26, 27] observed that the dual PD 

and PT properties of plasmonic nanoparticles surrounded by a hematoporphyrin-doped silica 

shell led to an enhanced photoinactivation of Staphylococcus aureus 209 P. Tomás et al. [28] 

showed that compared to free PS, the PS conjugated to gold nanoparticles displays enhanced 

antimicrobial efficiency. Moreover, they found a relationship between multifunctional 

nanoparticles concentration, irradiation time and bacteria viability. At a concentration of 

approximately 2 nM of SnCe6-glutathione/gold nanoparticle conjugates a 2 log10 reduction in the 

microorganisms viable count was observed. The free PS displayed a significant effect only at 50 

M concentration. The capacity of vancomycin-conjugated multifunctional magnetic particles to 

target, capture and inactivate methicillin-sensitive Staphylococcus aureus under 510 nm 

irradiation was demonstrated by Choi et al. [25]. Strassert et al. [23] designed a nanoarchitecture 

based on zeolite L platform able to target, label and photoinactivate chloramphenicol resistant 

Escherichia coli. Turcheniuk et al. [21] demonstrated that gold nanorods coated with PEG-

functionalized graphene oxide (rGO-PEG-AU NRs) is an effective and selective PT agent able to 

kill uropathogenic E. coli UTI 89 under 700 nm irradiation. Also, an enhanced photodynamic 

inactivation of the same E. coli strain could be achieved using plasmonic nanostructures, 

composed of silica coated nanorods with embedded verteporfin. Approximately 4 log10 reduction 

in the UTI 89 bacterial viable count was measured using 710 nm pulsed-laser irradiation for 30 

min. In addition, the efficient photodynamic treatment of pathogenic bacteria was associated to 

the presence of verteporfin monomer and their good water solubility, the contribution of the 

plasmonic effects being minimal. [2] 
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Table 1.1. Summary of nanostrucures-based photodynamic and/or photothermal treatment of bacterial 

suspensions. 

Nanostructure Bacteria Conditions Ablation efficiency Ref. 

PVP/PB NPs S. aureus 

MRSA 

E.coli UTI89 

ESBL E. coli 

810 nm and/or 980 nm 

1 W cm
-2

 

CW irradiation mode 

10 min 

6*log10 for 50 g/mL 

 

Maaoui 

(2016) 

[1] 

No nanostructures 

ICG at different 

concentrations 

(0-150 µg mL
-1

) 

S. aureus  

P. aeruginosa 

809 nm 

1.4 W cm
-2

 

1-5 min 

S. aureus  

(100% at 4 µg mL
-1

) 

P. aeruginosa  

(100% at 100-125 µg mL
-1

) 

Topaloglu 

(2013) 

[47] 

Au NP-tin chlorine 

e6 

S. aureus White light 

10 min 

2*log10 Tomas 

(2011) 

[28] 

Au NRs or Au-Ag 

nanocages coated 

with 

hematoporphyrin-

loaded silica shell 

S. aureus 405, 625, 808 nm 

70, 39, 100 mW cm
-2

 

(CW irradiation mode) 

30 min 

80-95 %   

(less at 808 nm) 

Khlebtosov 

(2013) 

[26] 

Vancomycin-

conjugated magnetic 

particles modified 

with t-PtCP 

Gram-negative 

Gram-positive 

510 nm 

6 mW cm
-2

 

0-60 min 

vancomyin for targeting 

6*log10 in 5-60 min 

dependent on bacteria 

Choi 

(2012) 

[25] 

Zeolite L loaded 

with Van-FeDXP 

E. coli 570-900 nm 

3 mW cm
-2

 

2.5 h 

95 % Strassert 

(2009) 

[23] 

Van-Fe3O4@Au 

nanoeggs 

(PTT) 

S. pyogenes 

S. saprophyticus 

A. baumannii 

E. coli O157:H7 

E. faecalis 

E. faecium 

PDRAB 

MRSA 

 

808 nm 

250 mW m
-2 

3 min 

Tf = 55 °C 

< 1 % Huang 

(2007) 

[44] 

rGO-PEG-Au NRs 

(PTT) 

E. coli UTI89 700 nm 

4 and 8 W cm
-2 

10 min 

pulsed laser 

6*log10 Turcheniuk 

(2015) 

[48] 

Au NRS@SiO2- 

Verteporfin 

E. coli UTI89 710 nm 

1 W cm
-2 

20 min 

(CW and pulsed laser) 

4*log10 Turcheniuk 

(2015) 

[2] 

Au NRS@SiO2-ICG E. coli UTI89 810 nm 

1 W cm
-2 

60 min (pulsed laser) 

 

6*log10 Jijie 

(2016) 

[3] 

t-PTCP=5,5,15-bisphenyl-10,20-bis(4-methoxycarbonylphenyl)-porphirin] platinum; DXP = (N, N‟-bis(2,6-

dimethylphenyl) perylene-3,4,9,10-tetracarbondiimide) 

 

 

In summary, antimicrobial photodynamic therapy involves the combined use of a 

photosensitizer, a convenient light source and oxygen to kill bacteria. In general, the PD activity 

is associated with cell membrane damage through oxidative reactions. The PDT is a complex 

approach that depends on various parameters that can influence treatment efficacy, including 

photosensitizers photo-chemical properties, light source characteristics (e.g. excitation 

wavelength, power density, CW and pulsed radiation) and oxygenation state of the tissues.  
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CHAPTER 2. PHOTODYNAMIC INACTIVATION OF ESCHERICHIA 

COLI USING PLASMONIC NANOSTRUCTURES LOADED WITH 

INDOCYANINE GREEN 
 

In this study, we investigated the efficiency of gold nanorods (Au NRs) coated with 

indocyanine green (ICG)-loaded silica shell (Au NRs@SiO2-ICG) for the photodynamic ablation 

of a Crohn‘s disease-associated adherent-invasive Escherichia coli strain LF 82 under 810 nm 

pulsed-mode and CW laser irradiation (Figure 2.1). By using gold nanostructures displaying a 

plasmonic band at 900 nm, at low concentration to avoid any photothermal effects, we achieved 

a 6 log10 reduction in E. coli LF82 viability. The amount of generated singlet oxygen was found 

to be highly sensitive to the indocyanine green (ICG) concentration integrated to the silica shell 

and fine tuning of the plasmonic structures seems to increase even more the PDT efficiency.  

 
Figure 2.1. Particle-based photodynamic ablation of Crohn‟s disease-associated E. coli LF 82 using 

indocyanine green loaded plasmonic nanostructures. 

2.1 GOLD NANO-PARTICLES: properties and applications 
Gold nanospheres were first observed by Faraday and Philos in 1857. Gold nanorods 

were first synthesized electrochemically by Martin using oxide film templates and then by Wang 

using surfactant directed electrochemical growth. Later Murphy and El-Sayed optimized the 

surfactant-directed method for solution-phase growth, commonly used now. [1] 

To date, a wide range of gold nanoparticles (GNPs) have been developed and tested in 

various biomedical applications, including genomics and immunoassays, bio-imaging and bio-

sensing, detection and photodynamic therapy (PDT) of pathogenic micro-organisms [2, 3], 

detection and hyperthermia of cancer cells and tumors [4], targeted delivery of drugs [2], 

peptides, DNA and antigens (Figure 2.2). The gold and/or gold-based hybrid materials have 

received increased attention due to their remarkable optical and surface chemical properties. 

Their optical properties are highly size, shape and structure-dependent and arise from the surface 

plasmon resonance (SPR), a phenomenon in which free electrons collectively oscillate and 

scatter or absorb the incident electromagnetic wave. It is known that the plasmon resonance band 

of an Au nanorod can be tuned by changing its aspect ratio (length divided by width).  

Considerable efforts have been devoted to synthesize GNPs that absorb light in the near 

infrared (NIR) region, where optical transmission through tissues and physiological fluids is 

optimal. In this context, gold nanorods (Au NRs) are of particular interest due to the flexibility in 

tuning the longitudinal band to the near-infrared region. Gold nanorods have two plasmon 



65 

absorption bands, the transverse and longitudinal plasmon band, corresponding to light 

absorption and scattering along the short or long particle axis. [5] 

 

 

Figure 2.2. The various types of plasmon-resonant nanoparticles and their possible biomedical 

applications: (a) nanospheres (510 – 570 nm), (b) Au nanorods (650-1200 nm), (c) Au bipyramids (650 – 1100 nm), 

(d) Au nanorods surrounded by Ag nanoshells (550-1000 nm), (e) Au-coated Fe2O3 nanorods (1100-1300 nm), (f) 

SiO2/Au nanoshells (600-1100 nm), (g) nanobowls with bottom cores (560 -1000), (h) spiky SiO2/Au nanoshells 

(600-850 nm), (i) Au tetrahedra, octahedra and cubooctahedra (550-750 nm), (j) Au nanocubes (500-700 nm), (k) 

Ag nanocubes and Au-Ag nanocages (450-1000), (l) Au nanocrescents (980 – 2600 nm) [6]. 

 

Compared with the available dye molecules, gold nanoparticles are photo-stable and 

have absorption cross-sections 5-7 orders of magnitude higher than that of dyes. [1] 

Various studies proved that gold nanoparticles may be used for selective labeling and 

detection, monitoring the change in the optical signal after the attachment of bacteria to the 

nanoparticles surfaces. [7][5, 8, 9] 

In recent years more and more results have proved the Au NRs efficient conversion of 

photon energy into heat, allowing the photothermal destruction of cancer cells, tumors and 

bacteria. [4, 10-12] The first study concerning the killing of S. aureus in vitro using a 

combination of pulsed laser energy and nanoparticles selectively attached to the bacterium was 

reported by Zharov et al. [13] in 2006. Wang et al. [14] demonstrated selective photothermal 

killing of Salmonella bacteria using bioconjugated oval-shaped gold nanoparticles. 

Moreover, a large number of studies showed that the PS 
1
O2 quantum yield can be 

enhanced by attaching the PS molecules to gold NP surface, particularly when localized surface 

plasmon resonance bands of gold nanorods are in resonance with the PS absorption band, 

proving that the gold-based hybrid materials are promising nanoplatforms for loading of PS for 

enhanced photodynamic therapy (Table 1.1). Kuo et al. [15] first demonstrated the inactivation 

of pathogenic bacteria through combined PDT and PTT.  

Therefore, Au NPs alone can be used as PT agent and loaded with PS they can serve as 

PD and/or PT therapeutic agents to kill cells. [1, 2, 4, 6, 16-18] 
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2.2 EXPERIMENTAL DETAILS  
2.2.1 Chemicals 

Cetyl trimethylammonium bromide (CTAB), silver nitrate (AgNO3), hydrogen 

tetrachloroaurate(III) trihydrate (HAuCl4×3H2O), tetraethylorthosilicate (TEOS), ascorbic acid, 

sodium hydroxide (NaOH), indocyanine green (ICG), 9,10-

anthracenediylbis(methylene)dimalonic acid (ABDA) and sodium borohydride (NaBH4) were 

purchased from Sigma-Aldrich and used as received. 

2.2.2 Synthesis of gold nanorods (Au NRs) 

Au NRs were synthesized according to a seed-mediated, surfactant-assisted procedure 

adapted from the works of El-Sayed [19] and Murphy [20] and co-workers. Seed solution was 

prepared by mixing HAuCl4 (10 mM, 125 µL) with an aqueous solution of CTAB (0.2 M, 

5 mL). To this solution was added ice-cold NaBH4 (0.01 M) and the solution was stirred for 

5 min. The resulting seed solution became brownish yellow, and aged for 5 min at room 

temperature before use. 

For the growth solution, 85 or 95 µL of the seed solution were added to 10 mM AgNO3 

and 500 µL of HAuCl4 (10 mM) and mixed with 5 mL of water and 5 mL of CTAB (0.2 mM) 

solution in order to synthesize Au NRs with longitudinal plasmons at 800 and 900 nm, 

respectively. The solution was acidified to pH 3-4 with 200 µL of 1% HCl, then 60 µL of 0.1 M 

ascorbic acid solution was added. Finally, 48 µL of seeds was injected into the growth solution. 

The reaction was performed at 25 °C without stirring. The excess of CTAB surfactant was 

discarded from the final product by centrifugation at 10,000 rpm for 30 min and then the 

precipitate was re-dispersed in 10 mL of DI water to yield Au NRs at a concentration of 10
 
nM. 

The concentration was derived spectrophotometrically from the extinction coefficient determined 

at 800 and 900 nm longitudinal plasmons to be 4.8×10
9 

and 6.2×10
9 

M
-1

 cm
-1

, respectively.  

2.2.3 Synthesis of Au NRs@SiO2 particles  
To a solution of as-prepared 10 nM Au NRs (1 mL in DI water), 187 µL of 20 mM 

tetraethoxysilane (TEOS) solution in ethanol was added. The reaction was run in a 2 mL plastic 

Eppendorf due to a strong interaction of glassware with TEOS. The pH of the solution was 

adjusted to 10 by means of 10 mM NaOH. Next, vigorous stirring of horizontally placed 

Eppendorf (belly dancer, 300 rpm) for 24 h at 23°C was performed to properly grow the silica 

layer over CTAB coated Au NRs. Importantly, the concentration of CTAB prior to silica coating 

was carefully controlled to be precisely 1 mM. The excess of the reagents as well as 

simultaneously formed empty silica particles have been separated from Au NRs@SiO2 by means 

of centrifugation (8000 rpm, 30 min). Supernatant was carefully removed and the pellet was re-

dispersed in 1 mL of DI water to give 5 nM AuNRs@SiO2 with a silica shell of 20 ± 3 nm in 

thickness. 

2.2.4 Loading of Au NRs@SiO2 particles with indocyanine green (ICG) 

To a solution of 5 nM Au NRs@SiO2 (1 mL in DI water) was added 5 µL or 20 µL of 

ICG (100 µM in water +10 % DMSO). The reaction mixture was stirred for 20 h at room 

temperature. The formed Au NRs@SiO2-ICG nanocomposite was purified by means of 

centrifugation (8000 rcf, 15 min) and re-dispersed in distilled water. The supernatant was used to 

determine the residual ICG concentration spectrophotometrically.  

2.2.5 Characterization techniques of Au NRs@SiO2 and Au NRs@SiO2-ICG 

particles 

UV Vis spectroscopic measurements were carried out using a Perkin Elmer Lambda 

UV/Vis 950 dual-beam spectrophotometer operating at a resolution of 1 nm. The UV-Vis spectra 

were recorded I quartz cuvettes of path length 1 cm between 200 and 1100 nm.  
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Emission fluorescence spectra were recorded between 730 and 900 nm using a Cary 

Eclipse spectrometer (Agilent, France). Solutions were excited with 720 nm (excitation and 

emission slit: 5 nm, scan rate: 600 nm/min).  

Zeta-potential measurements were performed using a Zeta-sizer Nano-ZS (Malvern 

Instruments Inc. Worcestershire, UK). Nanomaterials were diluted to 10 µg/mL and measured in 

Milli-Q water at pH 7.0.  

Scanning electron microscopy (SEM) images were obtained using an electron 

microscope ULTRA 55 (Zeiss, France) equipped with a thermal field emission emitter and three 

different detectors (BSE detector with filter grid, high efficiency in-lens SE detector and 

Everhart-Thornley secondary electron detector). The sample was prepared by casting a 

concentrated aqueous solution of the material onto silicon substrate followed by drying at 100 °C 

for 1 h. SEM images of pathogens (covered with 5 nm platinum) were observed using a Zeiss 

Compact Merlin instrument and a secondary electron detector at 2 kV under high vacuum.  

2.2.6 Singlet oxygen (
1
O2) detection 

Singlet oxygen generation was monitored through the chemical oxidation of an aqueous 

solution of 9,10-anthracenediylbis (methylene)dimalonic acid (ABDA) (10 µM) in presence of 

ICG (6 µM), AuNRs@SiO2 (200 pM) or Au NRs@SiO2-ICG (200 pM). The decrease in the 

ABDA absorbance at 262 nm was monitored under irradiation at 810 nm (1 W cm
-2

) using a 

continuous laser (CW, unmodelocked MIRA-900, France) or a femtosecond pulsed 

titanium:sapphire laser (Chameleon model, Coherent) that delivers 100 fs pulses at a repetition 

rate of 80 MHz. The laser beam was focused onto a cuvette (1 cm path length and 2 mm width) 

containing 1 mL of solution. Irradiation was stopped at several time intervals (at 1, 2, 5, 10, 20 

and 30 min) and absorption spectra were recorded.  

2.2.7 The in vitro cytotoxicity study 

The HeLa cell line derived from cervical carcinoma from a 31 year old female [ATCC® 

CCL-2™, ECACC, Sigma Aldrich, Saint-Quentin Fallavier, France] and Caco-2 cell line derived 

from colorectal adenocarcinoma from a 72 year old man [ATCC® HTB-37™] were cultured and 

maintained in Dulbecco‟s Modified Eagle‟s medium (DMEM, Gibco®) supplemented with 10 % 

fetal bovine serum (FBS, Gibco®) and 1 % penicillin-streptomycin (Gibco®) in a humidified 

incubator at 37 C and 5 % CO2. Cells were seeded at a density of 10
4
 cells/well in a 96-well 

plate and grown for 24 h before assay. The culture medium was replaced with a fresh medium 

containing nanoparticles. After 24 h, the old medium was aspirated and cells were washed three 

times with PBS. The cell viability was evaluated using Cell Counting Kit-8 (CCK-8, Sigma 

Aldrich) assay. Briefly, 10 L of the CCK-8 solution were added to each well containing 100 µL 

of DMEM with 10% FBS and the plate was incubated for 3 h in the humidified incubator. The 

absorbance of each well at 450 nm was measured using a microplate reader (PHERAstar FS, 

BMG LABTECH GmbH, Germany). Each condition was replicated five times and the mean 

absorbance value of non-exposed cells was taken as 100 % cellular viability. 

2.2.8 Photodynamic ablation of bacteria solutions 

Bacteria growth. A single E. coli colony from LB agar plate was inoculated overnight 

in LB (Luria-Bertani) medium at 37 C with moderate shaking. The pre-culture was diluted 50-

fold and allowed to continue for another 3 - 4 h, until the OD600 nm had reached 0.6-1.  

Bacterial assay. In a total volume of 100 µL in 96-wells plate, bacteria (10
6
 cfu/mL) 

have been mixed with the corresponding testing compounds in a sterile PBS. Both irradiated and 

non-irradiated controls have been created (3 wells per condition). The laser beam diameter was 

adjusted exactly to the square of the well to be ~ 0.3 cm
2
. Wells were irradiated for 30 and 

60 min at 1 W cm
-2

. The conditions of the experiment are constructed in a way to complete the 

treatment within 2 h to prevent long exposure of bacteria to PBS solution.  
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Bacteria titer assay was used to determine the residual concentration of bacteria in wells. To 

perform a titer assay, 10-fold dilutions of a bacteria stock 10
6
 cfu mL

-1
 are prepared, and 10 µL 

aliquots are dropped on the LB agar. After an incubation period of 20 h at 37 °C in a 

conventional thermostat, colonies were counted. 

2.2.9 Measurements of the photothermal effect  

All irradiations were performed in standard 96-well plates. The temperature changes 

were captured by an Infrared Camera (Thermovision A40) and treated using ThermaCam 

Researcher Pro 2.9 software. A femtosecond pulsed titanium:sapphire laser (Chameleon model, 

Coherent) that delivers 100 fs pulses at a repetition rate of 80 MHz was used for the 

photothermal experiments. A telescope with a magnification of 4.3 is used to roughly adapt the 

beam diameter to the wells‟ one. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Chemical and structural characterization of Au nanorods coated an 

indocyanine green-embedded silica shell 

 Plasmonic nanostructures loaded with indocyanine green 

Indocyanine green (ICG) was selected in this study as a PS model, in order to develop a 

multifunctional biocompatible Au NRs@SiO2-ICG as an efficient photodynamic agent. ICG is a 

water soluble anionic PS approved by FDA (Food and Drug Administration) as imaging and 

diagnostic agent to observe cardiac output, hepatic function, determining burn depth and blood 

volume. As can be observed in Figure 2.7, the ICG absorbs and emits in the NIR region, being 

an important motivation for using it in biological applications. For example, ICG-mediated PDT 

and PTT is widely used to treat tumors, like pancreatic, lung, skin, colonic and breast tumors, 

and for treatment of acne vulgaris. Its applicability is limited by its poor aqueous and thermal 

stability, low quantum yield and rapid blood clearance. Therefore, the encapsulation of ICG into 

nano-platforms may overcome these short-comings. [21-28] 

Gold nanorods coated with ICG-loaded silica shells (Au NRs@SiO2–ICG) were 

synthesized in three steps, as shown schematically in Figure 2.3. First, Au NRs were synthesized 

according to a seed-mediated, surfactant-assisted procedure adapted from Gorlelikov and 

Matsuura  studies [2, 29]. The Au NRs surface was covered with a silica shell, based on the 

hydrolysis of tetraethoxysilane under basic conditions to solve the cytotoxicity limitation of 

cetyltrimethylammonium bromide (CTAB), used as surfactant during Au NRs synthesis. In 

addition, the synthetic conditions were adjusted to obtain Au NRs@SiO2 nanostructures with a 

plasmonic band at around 800 or 900 nm.  
 

 
Figure 2.3. Schematic representation of the synthesis of Au NRs@SiO2–ICG. 

The scanning electron microscopy (SEM) image shows that in the case of 

Au NRs800@SiO2, the Au NR core has a mean length of 62  20 nm and a width of 18  7 nm 

(Figure 2.4 A). This corresponds to a mean aspect ratio of 3.4. The longitudinal SPR band 

maximum of the Au NRs coated with a 20 nm silica shell is located at  800 nm, with an 

additional transversal oscillation band at 515 nm, confirming the formation of elongated Au NRs 

(Figure 2.4 B).  
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Figure 2.4. (A) SEM image of AuNRs800@SiO2 (Scale bar: 100 nm). (B, C) UV-Vis-NIR absorption 

spectra of ICG (2 or 6 M), Au NRs900 nm @SiO2 (200 pM) and Au NRs900 nm @SiO2 (200 pM)-ICG (2 or 6 M). 

The position of the plasmon band overlaps with the strong absorption band of ICG at 

780 nm and the weak absorption band at 710 nm, corresponding to the ICG monomer and 

oligomeric forms, respectively [15]. After loading ICG onto the silica shell, the absorption curve 

changes depending on the amount of ICG loaded onto the nanoparticles (Figure 2.4 B and C). 

In the case of lower ICG loading (2 M), the plasmon band of the Au NRs was significantly 

shifted to the red, something already observed for methylene blue modified Au nanostructures. 

[30] The band at 816 nm corresponds to the red-shifted absorption band of ICG due to dye 

aggregation. The transversal plasmon band of Au NRs at 515 nm remained unchanged. The 

amount of loaded ICG was determined as described previously, [2] by measuring the ICG 

concentration in solution before and after loading onto Au NRs@SiO2 using UV/Vis 

spectrometric measurements at 780 nm, where ICG showed a characteristic absorption 

maximum. Loading with a higher ICG concentration (6 M) results in distinct absorption bands 

at 515 nm (transversal plasmon band), 742 nm (ICG), 826 nm (ICG) and 925 nm (longitudinal 

plasmon band) (Figure 2.4 C).  

The loading of ICG onto the negatively charged Au NRs@SiO2 (zeta potential  = -16  

2 mV) [2] is presumably based on hydrophobic effects and/or hydrogen bonds due to the 

negative zeta-potential of ICG ( = -24  2 mV), resulting from charged sulfonate groups. The 

surface charge of the Au NRs@SiO2–ICG remained negative ( = -19  2 mV). As was the case 

with verteporfin loaded nanostructures, up to 98% of ICG remained integrated on Au NRs@SiO2 

when the nanostructures were incubated in PBS at 37 C for 24 h, indicating good stability of the 

Au NRs@SiO2–ICG nanostructures (Figure 2.6 B) [2].  

100 nm

Au NRs800@SiO2
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Figure 2.5. (A) SEM image of AuNRs800@SiO2 (Scale bar: 100 nm). (B, C ) UV-Vis-NIR absorption 

spectra of ICG (2 or 6 M), Au NRs900 nm@SiO2 (200 pM) and Au NRs900 nm @SiO2 (200 pM)-ICG (2 or 6 M). 

The SEM image of Au NRs900@SiO2 nanostructures shows the Au NR core with a 

mean length of 75  12 nm and a width of 15  2 nm, corresponding to a mean aspect ratio of 5.0 

(Figure 2.5 A). The longitudinal plasmon band maximum of Au NRs900@SiO2 is located at  

900 nm with the additional transversal oscillation band at 515 nm (Figure 2.5 B). Incorporation 

of ICG (2 M) results in an absorption spectrum with a broad band at  820 nm and a shift of the 

plasmon band to 940 nm (Figure 2.5 B). A higher ICG loading shifts the plasmon band even 

further to the NIR region (958 nm) (Figure 2.5 C). The strong absorption between 740 and 

820 nm due to ICG suggests that ICG forms aggregates upon integration into the silica shell,  

(A)

550 600 650 700 750 800 850 900

 

 

Wavelength (nm)

 

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

F
lu

o
r
e
sc

e
n

c
e
 (

a
.u

.)

 (B) 

400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

 ICG

 Baseline

 After 24  h

  

100 nm

Au NRs900@SiO2



71 

(c)

740 760 780 800 820 840 860 880 900

0

10

20

30

40

50

Wavelength (nm)
F

lu
o

re
sc

en
ce

 I
n

te
n

si
ty

 (
a

.u
.)

 ICG (6 M)

 AuNRs900 nm@SiO2-ICG

 AuNRs800 nm@SiO2-ICG

 
Figure 2.6. (A). Absorption and fluorescence emission profiles of ICG. (B) Stability of the 

Au NRs@SiO2–ICG nanostructures. (C) Fluorescence quenching of ICG in AuNRs@SiO2 confirmed by 

fluorescence spectra of free ICG and AuNRs@SiO2-ICG (ex = 720 nm). 

in agreement with previous results [31]. The formation of ICG aggregates was in addition 

validated by the low fluorescence from Au NRs@SiO2–ICG when compared to free ICG in 

solution, where at low concentrations the mole fraction of dimers is negligible (Figure 2.6) [32].  

 Singlet Oxygen Generation 

As shown recently by Li et al.[31] the strongly increased ICG loading on the silica shell 

greatly enhanced the photodynamic destruction of breast tumor cells. We were interested in 

evaluating the potential of the different Au NRs@SiO2–ICG nanostructures for the 

photodynamic destruction of pathogens. In addition, the presence of positively charged aromatic 

nitrogen atoms in the benzo[e]indole ring of ICG might add to the antibacterial character of the 

nanostructures. [33, 34]  
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Figure 2.7 Photo-induced degradation of ABDA (10 µM) under irradiation at 810 nm (laser power = 

1 W cm
-2

)
 
using a CW laser

 
in the presence of (A) ICG (6 µM in water +10 % DMSO), Au NRs800@SiO2 (300 pM 

in water), Au NRs800@SiO2-ICG (2 µM) and Au NRs800@SiO2-ICG (6 µM), and (B) ICG (6 µM in water +10 % 

DMSO), Au NRs900@SiO2 (300 pM in water), Au NRs900@SiO2-ICG (2 µM) and Au NRs900@SiO2-ICG (6 µM). 
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Figure 2.8. Photoinduced degradation of ABDA (10 M) under pulsed-mode irradiation at 810 nm 

(1 W/cm
2
) in the presence of ICG (6 m), 200 pM Au NRs@SiO2 (in water) and 200 pM Au NRs@SiO2-ICG (2 or 

6 m) with particles with plasmon bands at 800 nm and 900 nm. 

However, efficient generation of reactive oxygen species (ROS) and in particular singlet 

oxygen, the most destructive species among ROS, is a pre-requisite for PDT. The singlet-oxygen 

generation capability was evaluated through the photochemical decomposition of 9,10-

anthracenediylbis(methylene)dimalonic acid (ABDA), [2, 35] using a continuous wave (CW) or 

a pulsed-laser excitation. Using a continuous laser at 810 nm (1 W/cm
2
), the degradation of 

ABDA and thus the formation of singlet oxygen was low (Figure 2.7). The use of a pulsed-mode 

excitation resulted in the formation of moderate to high singlet oxygen yields. Figure 2.8 

displays the decrease of the optical absorption band at 262 nm of an aqueous ABDA solution in 

the presence of different nanostructures as a function of irradiation time using pulsed-mode 

excitation, with ICG (6 M, water/10% DMSO) as control. The photodegradation rate of ABDA 

is faster in the presence of nanostructures when compared to free ICG in solution due to the 

enhanced formation of singlet oxygen. 

The Au NR@SiO2 nanostructures show in addition enhanced photodegradation of ABDA 

than free ICG. Indeed, two-photon excitation of Au nanostructures has been reported to generate 

singlet oxygen, with best efficiency when the plasmon band was tuned to the laser wavelength 

[35, 36]. This agrees with the enhanced photodegradation of ABDA in the presence of 

Au NR800@SiO2 over Au NR900@SiO2 at 810 nm irradiation wavelength.  

The amount of ICG loaded onto the Au NR@SiO2 particles has an important effect on 

the singlet oxygen generation capability with Au NR@SiO2 nanostructures of high ICG loading 

showing enhanced singlet oxygen generation (Figure 2.8). The overall effect was more 

pronounced on AuNRs900@SiO2–ICG nanostructures than on Au NRs800@SiO2–ICG. In 

addition, it was strongly dependent on the irradiation wavelength used (Figure 2.9). This 

indicates that no plasmonic energy transfer to ICG adsorbed on the silica shell under pulsed-laser 

irradiation takes place [37].  
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Figure 2.9. Photo-induced degradation of ABDA (10 μM) using pulsed laser irradiation (1 W/cm

2
) at 

different wavelengths in the presence of 300 pM Au NRs900@SiO2-ICG (6 μM). 

To ensure that the photodegradation of ABDA occurs exclusively through a 

photodynamic effect and not through a synergistic photothermal effect, the temperature of the 

solution was in parallel monitored in the presence of Au NR800@SiO2–ICG and 

AuNR900@SiO2–ICG (Figure 2. 10). The concentration of the nanostructures (200 pM) and the 

laser intensity (1 W/cm
2
) were too low to induce any temperature increase over an irradiation 

period of 1 h. The degradation of ICG, which is accelerated in aqueous solutions at higher 

temperature, is consequently limited under our experimental conditions, resulting in moderate 

singlet oxygen generation from free ICG over time (Figure 2.8) [38]. Therefore, the loading of 

ICG onto nanostructures improves their chemical stability and prevents their aggregation, 

ensuring an efficient 
1
O2 generation, in accordance with other reports [39, 40].  
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Figure 2.10. Photothermal effect upon pulsed laser irradiation of nanostructures at 810 nm: (A) 200 pM 

Au NR800@SiO2-ICG (6 μM) (black) and 200 pM Au NR900@SiO2-ICG (6 μM) (red) at 1 W/cm
2
; (B) 300 pM 

Au NR900@SiO2-ICG (6 μM) at 1 W/cm
2
, 2 W/cm

2
 (red), 3 W/cm

2
 and 5 W/cm

2
. 

Before investigating the effect on bacterial cells, the cytotoxicity of the nanostructures 

was determined on HeLa (Figure 2.11 A) and Caco-2 epithelial (Figure 2.11 B) cell lines, 

where one might encounter E. coli. The nanostructures display no cytotoxicity to HeLa cells at 

the investigated concentration range. In the case of Caco-2 epithelial cells, the nanostructures 

proved to be cytotoxic at concentrations of 300 pM and above. 
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Figure 2.11. Relative cell viability of HeLa (A) and Caco-2 epithelial (B) cell lines as a function of the 

Au NRs@SiO2-ICG (6 M) concentration without irradiation. 

2.3.2 Antimicrobial photodynamic therapy 

Irradiation of a suspension of E. coli (1 x 10
6
 cfu/mL) in the presence of ICG (6 M), 

Au NRs@SiO2 or Au NRs@SiO2–ICG (6 M) exhibits concentration- and nanostructures-

dependent photodynamic killing effect using a pulsed-laser with 810 nm wavelength 

(Figure 2.12). ICG alone did not show any antimicrobial properties in this concentration range, 

in accordance with other reports using a continuous wave light source at 808 nm [41]. 

Au NRs@SiO2 exhibited a plasmon dependent effect, with the nanostructures displaying a 

longitudinal plasmon band at 900 nm being more efficient for the photodynamic ablation of 

pathogens. This is in agreement with the higher amount of singlet oxygen produced using these 

nanostructures. Approximately 2.5 log10 reduction in viable E. coli LF82 was observed after 1 h 

of illumination of a bacterial suspension in the presence of Au NRs900@SiO2 (200 pM). Partial 

(5 log10 decrease) and complete (6 log10 decrease) pathogen ablation were observed after 

illumination at 810 nm for 30 and 60 min, respectively, when ICG was loaded onto the 

nanostructures. This result indicates considerable improvement when compared to our previous 

Au NRs900@SiO2 nanostructures loaded with verteporfin (4 M) (4 log10 after 30 min) 

(Table 1.1) [2]. Figure 2.12 C displays the change in morphology of E. coli LF82 after 60 min 

irradiation in the presence of Au NRs900@SiO2–ICG (6 M). The untreated E. coli cells have 

rod-like shape and intact surfaces, while after exposure to Au NRs900@SiO2–ICG (6 M) 

irradiation, portions of the bacteria are decomposed due to the impact of locally generated 

reactive oxygen species. 
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(C)  

Figure 2.12. (A) Photodynamic efficiency of ICG (6 M, sample 2), 200 pM Au NRs@SiO2 (sample 3 

and 4), 200 pM Au NRs800@SiO2-ICG (2 and 6 M of ICG) (samples 5 and 6) and 200 pM Au NRs900@SiO2-ICG 

(2 and 6 M of ICG) (samples 7 and 8) on the ablation of Gram-negative E.coli LF82 (1 x 10
6
 CFU/mL) in solution 

using pulsed-laser irradiation at 810 nm (1W/cm
2
) for 30 and 60 min. (B) Photographs of the E.coli colonies 

incubated on the solid medium with different treatments.(C1: without irradiation, C2: with irradiation, 900: Au 

NRs900nm@SiO2(200 pM) – ICG(6 μM) with laser; 800: AuNRs800nm@SiO2(200 pM)-ICG (6 μM) with laser; C3: Au 

NRs900nm@SiO2(200 pM) – ICG(6 μM) without laser, C4: AuNRs800nm@SiO2(200 pM)-ICG (6 μM) without laser). 

(C) SEM images of E. coli LF 82 before (a) and after (b) PDT for 60 min at 810 nm (1 W/cm
2
). 

The results are consistent with a previous report on the photodynamic treatment with 

vancomycin-conjugated magnetic particles, where E. faecalis pathogens were used; laser 

irradiation at 510 nm resulted in comparable killing kinetics (Table 1.1) [42]. As such a short 

wavelength may be of limited practical utility (e.g. to kill bacteria in the blood stream), but due 

to strong tissue absorption the nanostructures investigated in this work might have wider range 

of practical applications. In addition, we found that the antibacterial particle-based photodynamic 

therapy efficiency is not attenuated in the presence of high protein concentrations (data not 

shown).  

Indeed, it was postulated that PDT is more efficient if the bacteria were incubated with 

the photosensitizer in medium with low protein concentrations [43, 44].  

 

CONCLUSIONS  

We have demonstrated that gold nanorods coated with an indocyanine green-loaded 

silica shell (Au NRs@SiO2–ICG) have good biocompatibility and are effective in completely 

inactivating pathogenic E. coli bacterial strains such as E. coli LF82 under pulsed-light 

irradiation at 810 nm (1 W/cm
2
). Particle-based photodynamic therapy using ICG loaded Au 

nanostructures combined with a pulsed laser in the NIR region offers indeed a new perspective 

for the treatment of bacterial infections, owing to its increased penetration depth and unique 

spatial resolution. Using a nanoparticle concentration low enough to eliminate any additional 

photothermal heating effects, a 6 log10 reduction in the viability of the Crohn‟s disease-

associated adherent-invasive E. coli strain LF82 was observed using gold nanostructures 

displaying a plasmonic band at 900 nm. In addition, we observed a 3log10 reduction of bacteria 

viability using Au NRs@SiO2 without ICG, due to formation of reactive oxygen species (ROS) 

under two-photon irradiation. It is known that gold nanorods exhibit large two-photon absorption 

cross-sections, making them suitable for the generation of ROS [35].  

We believe that this behavior is due to the physical disruption of the bacteria membrane through 

the impact of locally generated reactive oxygen species. 
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CHAPTER 3. THERAPEUTIC AND BIOIMAGING PLATFORMS 

BASED ON CARBON DOTS  

 

In this study, fluorescent carbon dots (CDs) were synthesized by a simple hydrothermal 

treatment of citric acid and ethylenediamine in a Teflon autoclave reactor. The detailed 

characterization of as-prepared CDs shows the signatures of nitrogen and oxygen functional 

groups, responsible for their strong fluorescence intensity and high aqueous dispersibility. We 

demonstrated that the CDs can be used as a non-toxic imaging probe and as a photosensitizer. 

Their photodynamic activity was studied on human cervical carcinoma (HeLa) cells under 

visible light exposure. Moreover, the presence of amino functionalities on their external surface 

allows the conjugation of therapeutic molecules. We used CDs as a carrier for the delivery of 

ampicillin. The antibacterial activity of CDs@Amp conjugate was tested towards Escherichia 

coli (E. coli).  

 

3.1 CARBON DOTS: synthesis, properties and applications 

3.1.1 Introduction 

In the last years, carbon nanomaterials have attracted considerable interest in a wide 

range of fields, including nanoelectronics, energy conversion and storage, catalysis and 

biomedicine due to their unique physical and chemical properties. According to their bonding 

configurations, nano-carbons can be classified into sp
2 

and sp
3
-carbon nanomaterials. In general, 

sp
2
-carbon nanomaterials include zero-dimensional (0D) fullerene and carbon dots (CDs), one-

dimensional (1D) carbon nanotubes (CNTs), two-dimensional (2D) graphene and sp
3
-carbon 

nanomaterials include three-dimensional (3D) diamond (Figure 3.1) [1, 2]. The 1996 and 2010 

Nobel Prizes in Chemistry and respectively Physics have been awarded for the discovery of 

fullerenes and graphene. 

 
   

 
Fullerene Carbon nanotubes Graphene Carbon dots nano-diamonds 

Figure 3.1 Different structures of carbon nanomaterials [1]. 

Among these various forms of carbon nanomaterials, carbon dots attract more and more 

interest due to their attractive properties, including low cost, eco-friendliness, high quantum 

yield with tunable excitation and emission wavelength, low toxicity and excellent cell membrane 

permeability, high chemical and photo-stability, versatile surface chemistry, and high solubility 

in water-based solutions. Moreover, these properties make the fluorescent carbon dots useful in a 

wide range of applications such as in bio-sensing, bio-imaging, as nanocarriers for drug delivery, 

as visible light active photo-catalysts or other bio-medical related applications.  

Carbon dots (CDs) are small nanoparticles (less than 10 nm in size) with relatively 

simple particle surface functionalization [3-7]. CDs were first observed as fluorescent impurities 

in dispersion of nanotubes synthesized by an arc discharge in 2004 [8]. Till now, various starting 

materials and synthetic routes to synthesize CDs have been developed. These can be prepared by 

either top-down (e.g., arc discharge [8, 9], laser ablation [10, 11], electrochemical oxidation of 

graphite target [12, 13] and ultrasonic synthesis) or bottom-up approaches (hydrothermal 

treatment and microwave-assisted pyrolysis [14-16]). Among them hydrothermal synthesis route 

is mostly used, because it is a simple and efficient way to prepare CDs [3, 8, 17-21]. Recent 
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studies have demonstrated that biocompatible multifunctional CDs may be prepared by using 

biological precursors, such as soybean milk [22], pomelo peel [23], strawberry and orange juice 

[24, 25], milk [26], hair fibers [27], grass [28] histidine [15] or chitosan [29]. 

3.1.2 Nitrogen-doped carbon dots  
The CDs surface functional groups such as hydroxyl (-OH), carboxyl (-COOH) or 

amino (-NH2) allows the conjugation of active therapeutic molecules (e.g. targeting 

biomolecules, drugs or genes) and to prepare platforms for specific applications. Also, their 

chemical structure enables the integration of molecules into the sp
2 

carbon network [30, 31]. The 

major challenge remains to design a single nano-platform able to combine therapeutic, imaging 

and targeting functions in order to treat cancer or different types of infectious diseases. 

Many studies have demonstrated that biocompatible CDs decorated with multiple 

functional groups, with high fluorescence quantum yields and good water solubility could be 

synthesized directly using the suitable starting materials (e.g. nitrogen [32-34], sulphur [35, 36]  

- containing precursors), without surface passivating agents (e.g. amine-terminated compounds) 

(Table 3.1). Recently, nitrogen-doped CDs have attracted great attention among researchers 

because of their remarkable photo-physical and chemical properties. Fluorescent nitrogen-doped 

carbon dots were used as fluorescent probes for cell imaging [26, 32, 37-40], for detection of 

Fe
3+

, Hg
2+

 [24, 41, 42] and Cu
2+ 

[28], as electrocatalysts for oxygen reduction [22], photo-

degradation of methyl orange under visible light [43] and as printing ink [44].  

Table 3.1 Literature review – nitrogen-doped carbon dots. 

Synthesis Precursor % N QY % Application Ref. 

Maillard 

reaction/microwave 

glucose ( C6H12O6) + 

amino acids 
- 69.1 

as imaging 

probes 

Wei 

(2014) [37] 

hydrothermal 

treatment 

ethylenediamine 

tetraacetic acid 

(C10H16N2O8) 

6.33 78 
Hui  

(2014) [38] 

folic acid 

(C19H19N7O6) 
10.45 23 

Wang  

(2014) [32] 

lactose (C12H22O11) and 

Tris (C4H11NO3) 
5.04 12.5 

Zhang  

(2013)[39] 

citric acid (C6H8O7) 

and L-cysteine 
4.85 73 

Dong  

(2013) [40] 

polyvinyl pyrrolidone 

 (C6H9NO)n and 

4,7,10-trioxa-1,13-

tridecanediamine 

 19.6 
Hui  

(2014) [38] 

milk - 12 
Wang 

(2014) [26] 

glutamic acid 

(C5H9NO4) 
- 28 

detection of 

amoxicillin 

Niu 

(2014) [33] 

citric acid (C6H8O7) 

and polyene polyamine 

N/O = 

0.68 
21 

as nano-carriers 

for drug 

delivery 

Zheng 

(2014) [45] 

glycolic acid (C2H4O3) 

+ urea (CH4N2O) 
5.4 12.9 

emission can be 

tuned via 

varying the 

content of –

COOH groups 

from carbon 

source 

Wang  

(2015) [46] 

malic acid (C4H6O5) + 

urea (CH4N2O) 
6.9 32.4 

citric acid (C6H8O7) + 

urea (CH4N2O) 
9.5 54.9 
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strawberry juice 6.88 6.3 as fluorescent 

probe for 

detection of 

Fe
3+

 and/or 

Hg
2+

 

Huang  

(2013) [24] 

cocoon silk 11.36 38 
Li 

(2013) [41] 

-lipoic acid 

(C8H14O2S2) 
- 54.4 

Ding  

(2014) [42] 

grass 4.23 6.2 

as fluorescent 

probe for 

detection of 

Cu
2+

 

Liu 

(2012) [28] 

ammonium citrate 5.35 13.5 - 
Yang 

(2014) [34] 

soy milk 10.39 2.6 

as 

electrocatalysts 

for oxygen 

reduction 

Zhu 

(2012) [22] 

citric acid (C6H8O7) 

and ethylenediamine 

(C2H8N2) 

10.63-

16.25 

3.8 – 

80.6  

as printing ink 

and fluorescent 

probe for 

detection of 

Fe
3+

 

Zhu  

(2013) [44] 

 

glucose (C6H12O6) and 

ammonium hydroxide 

(NH4OH) 

7.45 6.65 

photo-

degradation of 

methyl orange 

under visible 

light 

Ma  

(2012) [43] 

3.1.3 Biological applications of carbon dots 

 Bio-imaging  

It is a significant interest in the development of fluorescent nanomaterials as contrast 

agents for in vivo optical imaging and sensing. Fluorescent CDs compared with conventional 

organic dyes and semiconductor quantum dots, are bright, chemically inert, biocompatible and 

stable against photobleaching, being a promising alternative for imaging applications [47].  

 

Figure 3.2 Schematic representation of the CDs formation mechanism and emission characteristics [48]. 
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However, the exact mechanism of CDs photoluminescence is still elusive. Generally, the 

photoluminescence properties are associated with confinement effect, stabilizing surface trap or 

the radiative recombination of excitations, depending on both the carbogenic cores and surface 

functional groups (molecular fluorophores) [37, 46, 48-52].  

Several authors reported that the emission mechanism of carbon dots depends on the precursor 

chemical structure and preparation conditions. For example, Krysmann et al. [48] observed that 

the CDs photoluminescence behavior strongly depends on the synthesis conditions (such as 

temperature). They performed a systematic investigation of the CDs formation mechanism and 

emission characteristics by following the pyrolysis of citric acid and ethanolamine at different 

temperatures. As shown in Figure 3.2, the results indicate that initially the PL spectrum is 

mostly due to amide-containing fluorophores (blue groups) and during the pyrolysis the organic 

fluorophores are consumed for the buildup of the carbogenic core (black group). This 

observation is similar to that reported by Shi et al. [36], describing the CDs synthesis through 

three stages: decomposition, polymerization and carbonization. Bhunia et al. [53] showed that 

the existence of a correlation between the particle size and defect sites, and the emission. 

Moreover, the presence of oxygen, nitrogen and phosphorous, and their relative ratios in the 

carbon matrix dictate the quantum yield. A similar result was found by Liu et al. [28]. 

According to previous studies, by doping CDs, it is possible to modulate the photoluminescence 

properties. It should be noted that most of the research papers have been devoted to nitrogen-

doped carbon dots and only a few studies focused on other dopants. For example, sulphur-doped 

fluorescent CDs were synthesized for the first time by Chandra et al.[35]. On the other hand, Hu 

et al. [36] demonstrated that the co-existence of O/N radicals in CDs structures results in strong 

photoluminescence, while CDs containing O and Cl radicals show high photo-catalytic activity. 

Ding et al. [42] performed a comparative study between sulfur-doped carbon dots (S-CDs) and 

nitrogen, sulfur co-doped carbon dots (N,S-CDs). The results proved that N,S-CDs exhibit much 

stronger blue-emission than S-CDs with a QY of 54.4 %, similar to that reported previously by 

Dong et al. [40]. 

 Cellular imaging 

There has been a considerable amount of research carried out on the cellular uptake of 

various carbon dots and their fluorescence brightness in the cellular environment. For example, 

Wang et al. [54] incubated silica-loaded CDs with the human gastric carcinoma cells (BGC823) 

for 24 h and observed that the hybrid nanoparticles easily penetrated into the cell, but not into the 

nucleus. Qiao et al. [49] showed that CDs with TTDDA (4,7,10-trioxa-1,13-tridecanediamine) 

surface-passivation is able to label both the cell membrane and the cytoplasm of COS-7 cells, 

after an incubation of 24 h with the nanoparticles. Liu et al. [16] incubated 100 g/mL TTDDA-

passivated CDs for 24 h with HepG-2 cells and then observed the nanoparticles‟ emission (blue, 

green and red) under various excitation wavelengths (405 nm, 488 nm and 543 nm) using a laser 

scanning confocal microscope. The results proved that the CDs have been internalized into the 

cells through endocytosis. Several studies have shown that CDs labeled both the cell membrane 

and the cytoplasm without reaching the nucleus in a significant way [29, 32, 39, 55] 

(Figure 3.3). Jana et al. [52] observed that after 6 h of incubation with L929 fibroblast, the CDs 

have selectivity over living cells. This selectivity is due to the quenching of CDs fluorescence; at 

acidic pH, the CDs lose the fluorescence and in general dead cells have a pH of 4-5.  

In addition, Liu et al. [56] used polyethylenimine (PEI) functionalized CDs for gene delivery and 

bioimaging. The CDs-PEI internalized into cells display tunable fluorescence emission under 

varying excitation wavelengths and could mediate gene transfection in COS-7 and HepG2 cells 

with comparable or higher efficiency and lower cytotoxicity compared with pristine PEI25k. The 

cationic polymer layer has the ability to mediate plasmid DNA transfection.  
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 (A)  (B)  (C)  
Figure 3.3 Laser scanning confocal microscopy images of (A) HeLa cells after 1 h of incubation with 

CDs (ex = 405 nm, em = 500 nm), (B) CDs labeled HepG-2 cells (a: ex = 405 nm, b: ex = 488 nm, c: ex = 543 and 

d: overlay) and (C) of MCF-7 cells with internalized CDs (Two photon excitation, 800 nm). [16, 55, 57] 

 Optical imaging in vivo 

The carbon dots have been used successfully for in vivo imaging in mice models [6, 30, 

47, 57, 58]. Li et al. [57] evaluated the in vivo and in vitro CDs optical imaging performance. 

They observed a diffuse distribution within the cells (Figure 3.3) and the nanoparticles were 

entrapped in lysosomes/endosome compartment located near the cell nucleus and in 

mitochondria, endoplasmic reticulum and Golgi body. On the other hand, the results show that 

the intravenously injected CDs are observed in all organs, like heart, liver, spleen, lung kidney, 

intestine and brain at 6 h, 16 h and 24 h post-injection. The detection of CDs in brain suggests 

that the nanoparticles are able to cross the blood-brain barrier. Also, Yang et al. [47] reported 

CDs as a contrast agent for optical imaging. Goh et al. [59] proposed CDs and hyaluronic acid–

CDs conjugate as promising bioimaging agents. 

The limitation is that the majority of fluorescence imaging studies were conducted 

under UV or visible excitation, the biological tissues in this optical window showing a very 

shallow penetration depth. Ideal condition is to carry out in vivo imaging in the near-infrared 

(NIR) region, that coincides with the tissue transparency window. Tao et al. [60] explored the 

CDs for fluorescence imaging in mice by using varied excitation wavelengths from 455 nm to 

704 nm. A CDs aqueous solution was subcutaneously injected in the mice, followed by 

fluorescence imaging. As can be seen in Figure 3.4, the best fluorescence contrast was obtained 

at 595 nm excitation. Similar to [57], the CDs are observed in the organs and a gradual clearance 

of CDs from the mouse body was observed through both renal and fetal excretions. Yang et al. 

[47] reported that the intravenously injected CDs are primarily excreted via urine.  

Cao et al. [55] reported that CDs are excellent fluorescent agents for optical cell 

imaging using both one (argon ion excitation at 458 nm) and two photon excitation (femtosecond 

pulsed laser excitation at 800 nm). In order to demonstrate the potential of aminopolymer-

functionalized CDs for cell imaging, the nanoparticles were incubated with MCF-7 cells for 2 h. 

The results prove that CDs were able to label both the cell membrane and the cytoplasm without 

reaching the nucleus.  

 
Figure 3.4 In vivo fluorescence images of a CDs-M-injected mouse, under various excitation wavelengths 

[60]. 
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 Optical labeling of Escherichia coli (E. coli) cells 

Sun et al. [11] have reported that PEG1500N-passivated CDs can be used as fluorescent 

markers for imaging of bacteria cells (Figure 3.5). In addition, Nandi and co-workers [4] have 

proposed amphiphilic CDs as a platform for bacteria detection and imaging. They observed that 

the amphiphilic CDs exhibited different affinities to bacterial cell surfaces, the CDs fluorescence 

intensity and maximum emission wavelength depending on the bacterial strains. To investigate 

cell labeling and interactions, they incubated the carbon nanoparticles with four bacterial species, 

including E. coli, P. aeruginosa, S. typhimurium (Gram-negative) and B. cereus (Gram positive). 

    
ex = 458 nm, em = 475 nm ex = 477 nm, em = 505 nm ex = 488 nm, em = 530 nm ex = 514 nm, em = 560 nm 

 

Figure 3.5 Confocal microscopy images of E. coli ATCC 25922 cells labeled with CDs [11]. 

The CDs showed encouraging cell-imaging application in vivo and in vitro.  

 Biosensing. CDs conjugated with different biomolecules have drawn considerable 

attention for selective labeling and detection of Gram-positive and Gram-negative bacteria, as 

seen in Table 3.2. However, the exact mechanism of specific labeling is not yet known and 

needs to be explored. The major challenge remains to design a simple, selective and sensitive 

approach for detection of trace bacteria. 

Table 3.2 Platforms based on carbon dots for bactericidal applications. 

Samples Synthesis of CDs Conjugation 
Tested 

against 
Results Ref. 

amikacin 

modified CDs 

5 mg amikacin + 

30 mg di- 

ammonium 

hydrogen citrate, 

10 mL, 4 h, 180 °C 

- 

for labeling 

and 

detecting  

E. coli 

linear range 

between  

3.9 × 10
5
 – 

7.6 × 10
2
 

CFU/mL 

Chandra 

(2016) 

[61] 

mannose- 

functionalized

CQDs 

0.1 g ammonium 

citrate and 0.005 g 

mannose, 10 mL, 2 

h, 180 °C  

- limit of 

detection of 

450 

CFU/mL  

Weng 

(2015) 

[3] 

CDs modified 

with 

vancomycin 

3 g citric acid  and 

3 g urea, 10 mL, 

750 W microwave 

EDC/NHS for 

detecting    

S. aureus 

linear range 

between 

3.18 × 10
5 

-

1.59 × 10
8
 

CFU/mL 

Zhong 

(2015) 

[14] 

amphiphilic 

CDS 

6-oacylated 

fatty acid ester of 

D-glucose, 2.5 h, 

125°C 

- for bacterial 

detection 

and imaging 

- Nandi 

(2015) 

[4] 

 

 

 

 

-  

 

 

 

 

 



85 

CDs 1 g of casein, 50 

mL, 12 h, 200 °C 

for 

selectively 

label E. coli 

and exclude 

S. aureus 

- Bhushan 

(2016) 

[17] 

 As antibacterial agent 

Dou et al. [62] proved that the quaternary linear and branched PEI (polyethyleneimine) 

passivated carbon dots exhibit promising antibacterial activity against both gram negative 

(Escherichia coli) and gram positive (Staphylococcus aureus) bacteria. The antimicrobial ability 

of the quaternized CDs was evaluated by the Broth minimum inhibitory concentration (MIC). As 

can be observed in Table 3.3, the quaternary linear PEI passivated CDs showed better efficiency. 

They assumed that the antibacterial property of the quaternized CDs is due to the ability of CDs 

to adsorb onto the cytoplasmic membrane, causing its disruption.  

Table 3.3. MICs test of the CDs on E. coli and S. aureus [62]. 

Samples MIC (g/mL) 

 Gram-positive bacetria Gram-negative bacteria 

quaternaryCDbranched 32 64 

quaternaryCDlinear 16 16 

 Photodynamic therapy  

Huang et al. [30] designed and prepared multifunctional chlorine e6-conjugated C-dots 

(C-dots-Ce6) as the light-triggered theranostics for simultaneous enhanced-PFD and PDT by 

FRET mechanism. Covalent binding of Ce6 to the PEG-coated C-dots (C-dots-NH2) was 

performed using a modified EDC-NHS reaction. 

Meziani et al. [7] demonstrated the bactericidal function of 2,2′-

(ethylenedioxy)bis(ethylamine) (EDA) CDs under visible illumination. The antibacterial 

properties of photoexcited EDA-CDs with light exposure against E. coli K12 cells was evaluated 

by cell growth measurements based on the optical density at 600 nm (OD600nm) and by plating 

method to determine the viable cell number. They concluded that the redox species and emissive 

excited states may be responsible for the observed bactericidal functions.  

Choi et al. [31] designed biocompatible, fluorescent, folic acid (FA)-functionalized CDs 

as a carrier for the PS zinc phthalocyanine to achieve simultaneous biological imaging and 

targeted photodynamic therapy.  

 Photodynamic and photothermal therapy  

Ge et al. [63] prepared CDs with intrinsic theranostic properties by using polythiophene 

benzoic acid as precursor. The CDs exhibit dual photodynamic and photothermal effects under 

635 nm laser irradiation with a singlet oxygen generation efficiency of 27 % and high 

photothermal conversion efficiency of 36.2 %. They proposed also a 
1
O2 generation mechanism. 

The bimodal OPDT/PTT efficacy and cytotoxicity were tested in vitro against B16-F0 skin 

cancer cells and in vivo using nude mice and HeLa tumor-bearing nude mice as animal model. 

Their results proved that CDs can be applied as an imaging probe and as an efficient 

photodynamic/hyperthermia agent. 

 As a drug delivery system  

Gogoi et al. [64] investigated carbon dot (CD) and calcium alginate-carbon (CA-CDs) 

dot beads as pH dependent sustained drug delivery vehicles for tetracycline and tetracycline 

associated with -cyclodextrin. Compared with CD, the CA-CDs exhibit a higher loading rate 

and a better drug release profile, the maximum release being obtained for pH 1.  
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Carbon dots-based platforms for anticancer applications 

Li et al. [50] coupled CDs with human transferrin via carbodiimide chemistry in order 

to target HeLa cells. Compared with the non-conjugated, the bioconjugated CDs were able to 

penetrate cancer cell membrane.  

 As a drug delivery system  

Lai et al. [51] employed CDs@mSiO2-PEG nanocomposites as a delivery system for 

anti-cancer drug doxorubicin (DOX). They observed that DOX loaded on the nanocomposites 

exhibited higher toxicity to HeLa cells in contrast with free DOX. Moreover, as shown in 

Figure 3.6, the DOX release occurred inside the cells, being accumulated in the nucleus. 

Therefore, the CDs@mSiO2-PEG nanocomposites are suitable for cell imaging and drug release. 

Whereas, Wang et al. [5] proposed hollow carbon dots (HCDs) as a delivery system for the 

delivery of DOX. The DOX was directly mixed with nanoparticles in solution, where the drug 

was physisorbed through - stacking (due to the benzene rings in its chemical structure), 

hydrophobic and van der Waals interactions. The main advantage of the HCDs as a drug delivery 

vehicle are: (i) the rapid uptake by cells, (ii) pH-controlled release of DOX and (iii) the DOX 

activity is maintained.  

Zheng et al. [45] integrated the therapeutic and bioimaging capabilities into one single 

agent by means of the condensation reaction between the amino groups on the CDs‟s surface and 

the carboxyl group of oxaliplatin (anticancer agent). The in vivo results demonstrated that CDs-

Oxa possess good biocompatibility, bioimaging function and anticancer effect and the in vivo 

results proved that the distribution of the drug can be followed by monitoring the complex 

fluorescence intensity. 

     
Figure 3.6 The confocal images of HeLa cells treated with 100 g/mL DOX@CDs@mSiO2-PEG at 

different time intervals (CDs- blue, DOX- red) [51]. 
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3.2 EXPERIMENTAL DETAILS 
3.2.1 Chemicals 

Citric acid, ethylenediamine, 9,10-anthracenediylbis(methylene)dimalonic acid 

(ABDA), ampicillin, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 

N-hydroxysuccinimide (NHS), acetic acid, sodium acetate, ninhydrin, potassium cyanide (KCN), 

pyridine, phenol, quinine sulfate, Hoechst 33342, and paraformaldehyde were purchased from 

Sigma-Aldrich and used as received. 

3.2.2 Synthesis of carbon dots (CDs) 

Functionalized CDs were synthesized following a method similar to that reported by 

Zhu et al. [44]. In brief, citric acid (2.1014 g) and ethylenediamine (670 L) were dissolved in 

Milli-Q water (20 mL). Then the mixture was transferred into a Teflon-lined autoclave (125 mL 

acid digestion vessel no. 4748, Parr, France) and heated at 250 C for 5 h. The resulting product 

was cooled to room temperature and dialyzed against Milli-Q water using a cellulose ester 

dialysis membrane for 3 days (SpectraPor, pore size 500 -1000 kDa) in order to remove 

unreacted small molecules. To estimate the exact mass concentration of CDs solution, we used a 

Sartorius microbalance (TG 209 F3 Tarsus, Netzch). The production yield was about 60 % and 

the stock solution was stored at 4 C.  

3.2.3 Conjugation of ampicillin onto CDs (CDs@Amp) 

Ampicillin was dissolved in PBS at a concentration of 1 mg/mL. The carboxyl group of 

ampicillin was activated with an equimolar of EDC and NHS for 30 min. CDs dissolved in PBS 

at a concentration of 1 mg/mL and the ampicillin solution were mixed at a volume ratio of 2/1 at 

room temperature overnight. After that, CDs@Amp conjugate solution was dialyzed 

(SpectraPor, pore size 500 -1000 kDa) against Milli-Q water for 3 days to remove unattached 

ampicillin and kept at 4 C until use.  

3.2.4 Characterization techniques of CDs and CDs@Amp conjugate 

UV-Vis spectroscopic measurements were carried out using a Perkin Elmer Lambda 

UV/Vis 950 dual-beam spectrophotometer operating at a resolution of 1 nm. The UV-Vis spectra 

were recorded in quartz cuvettes of path length 1 cm between 200 and 1100 nm.  

Emission fluorescence spectra were recorded between 220 and 800 nm using a Cary 

Eclipse spectrometer (Agilent, France). Solutions were excited from 200 to 420 m in a 20 nm 

increment excitation (excitation and emission slit: 5 nm, scan rate: 600 nm/min).  

Fourier transform infrared (FTIR) spectra were recorded using a ThermoScientific 

FTIR instrument (Nicolet 8700) at a resolution of 4 cm
-1

. Dried CDs (around 1 mg) was mixed 

with KBr powder (200 mg) in an agar mortar. The mixture was pressed into a pellet under 10 

tons of load for 2-4 min, and the spectrum was recorded immediately. A total of 16 accumulative 

scans were collected. The signal from a pure KBr pellet was subtracted as a background.  

Raman spectroscopy measurements were performed with a Horiba Jobin Yvon 

LabRam HR MicroRaman system with a 473 nm laser diode excitation source. Visible light was 

focused by a 100× objective. The scattered light was collected by a monochromator (18000 mm 

focal length) and detected by a CCD.  

Zeta-potential measurements were performed using a Zeta-sizer Nano-ZS (Malvern 

Instruments Inc. Worcestershire, UK). CDs were diluted to 10 µg/mL and measured in Milli-Q 

water at pH 7.0.  

Thermogravimetric analysis (TGA) was carried out using a TG 209 F3 Tarsus 

Netzsch in the temperature range of 30 to 980 C under nitrogen flow with a heating rate of 

10 C/min.  

Atomic force microscopy (AFM) measurements (NT-MDT Solver Pro-M type 

apparatus) were carried out in ambient air, in the tapping (non-contact) mode, with commercial 

standard silicon-nitride tip with a radius of approximately 10 nm (NT-MDT NGS01/Au). The 
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samples were prepared by dropping an aqueous CDs suspension on silicon surfaces and dried at 

37 °C.  

 Quantum yields measurements 

Quinine sulfate (0.1 M H2SO4 as a solvent; QY = 0.54) was chosen as reference. The 

quantum yield of CDs (in PBS) was determined by slope method [44] by comparing the 

integrated photoluminescence intensity and absorbance of each sample with that of reference. 

The quantum yield was calculated using the following equation: 

 

ϕx = ϕst (Kx/Kst) (ηx/ηst)
2 

 

where ϕ is the quantum yield, K is the slope determined by the curves and η is the refractive 

index of the solvent. The subscript “st” refers to the standard with the known quantum yield and 

“x” for the sample. In order to minimize re-absorption effects, absorption in the 10 mm 

fluorescence cuvette was kept below 0.10 at the excitation wavelength (360 nm). For these 

aqueous solutions, ηx/ηst=1. Series of concentrations of both the reference and samples were 

measured to obtain the slopes of the curves.  

 Quenching of fluorescence of CDs in solution 
Different concentrations of ampicillin were mixed with CDs, and after 12 h, the samples 

fluorescence spectra were recorded at 350 nm excitation wavelength.  

Quantification of amino groups by a modified Kaiser test 

The primary amino groups were quantified using a modified photometric assay based 

on the Kaiser test reported by [65]. Briefly, the amino functionalized CDs powder (0.25 – 

1 mg/mL) was dissolved in 1 mL Milli-Q water. To this suspension was added 1 mL of the 

buffer solution (1) and then sonicated for 15 min. After that, 1 mL of KCN solution (2) and 1 mL 

of phenol solution (3) were added and the suspension was heated at 120 °C for 10 min; 1 mL of 

ninhydrin solution (4) was added and heated for another 10 min. After the solution was cooled to 

room temperature 5 mL of ethanol was added (5).  

 

1. Buffer solution: 36g sodium acetate was dissolved in 6.9 mL of acetic acid and 

filled with Milli-Q water until a volume of 100 mL. 

2. KCN solution: 2 mL of 0.03 M KCN solution were diluted to a volume of 100 mL 

with pyridine. 

3. Phenol solution: 80 g phenol were dissolved in 20 mL of ethanol. 

4. 5 % ninhydrin solution: 5 g of ninhydrin were dissolved in 100 mL of ethanol.   

5. 60 % ethanol solution.  

 Singlet oxygen (
1
O2) detection 

Singlet oxygen generation was measured through the chemical oxidation of an aqueous 

solution of 9,10-anthracenediylbis(methylene)dimalonic acid (ABDA) (10 µM) in presence of 

CDs under visible light irradiation. The decrease in the ABDA absorbance at 262 nm was 

monitored at several time intervals. The light emitted by a visible lamp (Spot Light Source, 

420 nm – 700 nm, L9566-03, Hamamatsu, Japan) was focused onto a quartz cuvette (1 cm path 

length and 2 mm width) containing 1 mL of the solution. 

3.2.5 The in vitro cytotoxicity study and cellular uptake 

Cytotoxicity Assay. The HeLa cell line derived from cervical carcinoma from a 31 year 

old female [ATCC® CCL-2™, ECACC, Sigma Aldrich, Saint-Quentin Fallavier, France] and 

Caco-2 cell line derived from colorectal adenocarcinoma from a 72 year old man [ATCC® HTB-

37™] were cultured and maintained in Dulbecco‟s Modified Eagle‟s medium (DMEM, Gibco®) 
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supplemented with 10 % fetal bovine serum (FBS, Gibco®) and 1 % penicillin-streptomycin 

(Gibco®) in a humidified incubator at 37 C and 5 % CO2. Cells were seeded at a density of 

10
4
 cells/well in a 96-well plate and grown for 24 h before assay. The culture medium was 

replaced with a fresh medium that contains the CDs. The final concentrations of CDs were 12.5, 

25, 50, 100 and 200 g/mL. After 24 h, the old medium was aspirated and cells were washed 

three times with PBS. The cell viability was evaluated using Uptiblue (Interchim) method. 

Briefly, 10 L of the Uptiblue solution were added to each well containing 100 µL of DMEM 

with 10% FBS and the plate was incubated for 4 h in the humidified incubator. The fluorescence 

of each well at 570 nm was measured using a microplate reader (PHERAstar FS, BMG 

LABTECH GmbH, Germany). Each condition was replicated five times and the mean 

absorbance value of non-exposed cells was taken as 100 % cellular viability.  

 

Cell imaging. HeLa cells were seeded in a 24-well plate with sterile coverslips on the 

bottom at a density of 2 × 10
5
 cells/well and grown for 24 h before assay. The CDs and 

CDs@Amp solutions were diluted to a final concentration of 100 g/mL by DMEM without 

serum. After incubation for 24 h, the HeLa cell monolayer was washed three times with PBS, 

fixed on a slide with 4 % paraformaldehyde at room temperature for 15 min and then stained 

with 0.2 g/mL DAPI in PBS at room temperature in the dark for 5 min. After gentle washing 

with PBS for 3 times, the coverslips were mounted on glass slides and observed using a Nikon 

A1-R (Nikon Instruments, tempe, AZ) laser confocal microscope.  

3.2.6 Evaluation of the photodynamic properties 

HeLa cells were seeded at a density of 10
4
 cells/well in a 96-well plate and grown for 

24 h before assay. The culture medium was replaced with a fresh medium containing CDs at 

different concentrations. After 4 h incubation, the cells were irradiated using a visible light (420 

– 700 nm, 0.31 W) for 10 or 20 min. Light positive controls and dark controls (with and without 

CDs) were incubated. After 24 h, cell viability was evaluated using Uptiblue (Interchim) method, 

where the fluorescence at 570 nm is measured using a microplate reader, as above.  

In Figure 3.7 are schematically illustrated the protocol followed to study CDs 

cytotoxicity, cellular uptake and their photodynamic activity under visible light irradiation. 

 
Figure 3.7. Schematic illustration of the different steps involved in the eukaryotic cells studies. 
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3.2.7 Antibacterial activity of CDs@Amp conjugate 

Bacteria growth. A single E. coli colony from LB agar plate was inoculated overnight 

in LB (Luria-Bertani) medium at 37 C with moderate shaking. The pre-culture was diluted 50-

fold and allowed to continue for another 3 - 4 h, until the OD600 nm had reached 0.6-1.  

Bacterial assay. Antibacterial activity was evaluated using two bacterial strains E. coli 

K12 – MG 1655 and E. coli C43. The cells were incubated in LB medium with 10, 25, 50, 100 

and 200 g/mL ampicillin (Amp), ampicillin mixed with CDs, and CDs@Amp conjugate at 

37 C for 8 h. The minimal inhibitory concentration (MIC) of ampicillin and CDs@Amp was 

calculated for both strains.  

Growth rates and bacterial concentrations were determined by measuring optical density at 

600 nm. Also, bacteria titer assay was used to evaluate the MIC and to determine the residual 

concentration of bacteria in wells. To perform a titer assay, 10-fold dilutions of a bacteria stock 

10
6
 cfu mL

-1
 are prepared, and 10 µL aliquots are dropped on the LB agar. After an incubation 

period of 20 h at 37 °C in a conventional thermostat, colonies were counted. All the experiments 

were performed in triplicate.  

In Figure 3.8 is schematically illustrated the protocol followed to study the antibacterial 

activity of CDs@Amp conjugate towards E. coli cells. 

 
Figure 3.8. Schematic illustration of the different steps involved in the prokaryotic cells studies. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Chemical and structural characterization of fluorescent amino-functionalized 

carbon dots 

The strategy employed for the synthesis of functionalized CDs is illustrated in 

Figure 3.9 and it is based on the hydrothermal approach using citric acid as a carbon source and 

ethylenediamine as a surface passivation reagent. 

 

 
Figure 3.9. Schematic illustration of the amino-functionalized CDs synthesis. 

UV-Vis absorption and fluorescence studies were carried out to explore the optical 

properties of the resulting CDs. The UV-Vis spectrum of as-synthesized CDs is shown in 

Figure 3.10 B. The CDs absorption spectrum exhibits three bands at 237, 342 and 450 nm. 

According to the literature [33, 46, 66, 67], the shoulder peak at 237 nm, known as aromatic core 

section, corresponds to a * transition of aromatic C=C bond, while the peak at 342 nm 

(known as surface section) is due to n* transition of the C=O bond and the band at 450 nm 

may originate from the amino functionalized surface of the CDs. The radiative relaxation of the 

n* excitation leads to fluorescence [67]. 
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Figure 3.10 (A) Fluorescence spectra of functionalized CDs (2.5 g/mL) at different ex. from 200 to 

420 nm with a 20 nm increment. (B) UV-Vis absorption (black) and fluorescence spectra (red, ex = 350 nm) of the 

CDs in aqueous solution. Insets are digital photos of the CDs alone (50 g/mL) under sunlight and UV light 

irradiation (ex = 350 nm). (C) Plots of integrated fluorescence spectra against absorbance of quinine sulfate and 

CDs in PBS. 
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The CDs solution is yellowish under sunlight and exhibits strong blue fluorescence 

under UV-light (Figure 3.10 B). The fluorescence spectra exhibit an excitation (ex) independent 

emission (em) behavior (Figure 3.10 A), in agreement with [34]. The excitation-independent 

emission behavior may originate from the CDs uniform size and from the homogeneous 

distribution of emissive sites [34]. The maximum fluorescence intensity was at 445 nm under 

240 nm and 340 nm excitation, similar with previous reports [3, 14] with a full width at half 

maximum (FWHM) of 76 nm. The fluorescence quantum yield (QY) of functionalized CDs 

was estimated to be 32 %, which is higher than that of other nitrogen-doped CDs reported 

before, as shown in Table 3.1 [45]. The fluorescence signal may be attributed to various 

functional groups, especially to nitrogen-containing functional groups, which are remarkable 

auxochromes and to the poly-aromatic sp
2 

carbon nanostructures in the CDs [68]. It is accepted 

that the CDs surface state play an important role in the fluorescence properties [10, 30, 60]. In 

addition, the CDs remain stable in aqueous solutions for at least two months at 4 °C without 

visible precipitation or a decrease in absorbance/fluorescence intensity (data not shown). For 

biomedical applications, the stability under physiological conditions is very important.  
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Figure 3.11 FTIR spectrum of as-prepared CDs. 

The FTIR and XPS measurements were carried out in order to get more information 

about the chemical composition of as-prepared CDs. In the FTIR spectrum (Figure 3.11), we can 

identify the characteristic absorption bands corresponding to stretching vibrations of O-H (3428 

cm
-1

), C=C-H (3080 cm
-1

), C-H (2964 cm
-1

), C=O (1771 cm
-1

 and 1653 cm
-1

), C-C (1297 cm
-1

) 

and C-O (1055 cm
-1

). Moreover, the existence of amino-containing functional groups is 

confirmed by the stretching vibration and deformation bands of C-N, C=N and N-H/N-H centered 

at 3250, 1640, 1558 and 1395 cm
-1

, respectively. The presence of carbonyl, hydroxyl and amino 

groups makes CDs water soluble and expands their application field through conjugation of 

therapeutic agents. 

Table 3.4. Detailed assignment of relevant features in the CDs IR spectra. 

Wavenumber (cm
-1

) Type of vibration Ref. 

3428 O-H stretch [15, 17, 32, 36, 61] 

3250 NH stretch [15, 17, 36, 61] 

3080 C=C-H stretch [41] 

2966, 2854 C-H antisym. and sym. 

stretch 

[17, 26, 34, 53] 

1705 C=O stretch [15, 17, 43, 56, 61] 

1640 C=N stretch  [42] 

1608 C=C stretch [31] 
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1558 NH2 deformation [45, 53, 56] 

1395 C-N stretch [15, 17, 34, 36, 56, 61] 

1297 C-C stretch [17] 

1055 C-O stretch [15, 17, 36, 53] 

As illustrated in Figure 3.12, the XPS survey spectrum of as-prepared CDs exhibits 

three peaks at 532.1, 399.1 and 285.1 eV, revealing the presence of oxygen, nitrogen and carbon. 

The atom ratio of C:O:N is 1:0.36:0.21. It should be noted that the nitrogen content (13.3 %) is 

higher compared with other nitrogen-doped CDs reported before (Table 3.1). We deconvoluted 

the high resolution spectrum of C1s into three main peaks, which are attributed to C-C, C=C 

(284.5 eV) and oxygen/nitrogen bonded carbon at 285.5 and 288 eV, respectively (Figure 3.12. 

B). The high-resolution XPS spectrum of N1s (Figure 3.12. C) displays three peaks at 398.6, 

399.7 and 401.1 eV, which correspond to C-N-C, C-NH and N-C3, respectively [42, 69-71]. 

Moreover, the presence of C=O (531.8 eV) and C-O (533.8 eV) bonds proves that the surface of 

CDs was rich in oxygen containing groups (Figure 3.12 D).  
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Figure 3. 12. XPS survey spectrum of as-prepared CDs (A), and high resolution XPS spectra of the                  

C1s (B), N1s (C) and O1s (D). 

 

The Kaiser test [72] is a sensitive and useful method for quantification of primary 

amino groups, involving the formation of Ruhemann‟s Blue by the reaction of ninhydrin with the 

primary amino groups. Figure 3.13 shows the absorption spectra of amino functionalized carbon 

dots solutions after reaction with ninhydrin and the calibration curve obtained by plotting the 

absorbance at 570 nm for the CDs concentration (R
2
 = 0.9967). Benzylamine (C₆H₅CH₂NH₂) 
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was used as reference sample. According to the modified Kaiser test, the surface loading is about 

0.7 mmol/g.  
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Figure 3. 13. Quantification of primary amino groups by a modified photometric assay based on the 

Kaiser test reported in [65]. (A) Absorption spectra of amino-functionalized CDs solutions after reaction with 

ninhydrin and the calibration curve obtained by plotting the absorbance at 570 nm for different CDs concentrations. 

(B) The corresponding calibration curve with benzylamine. 

The presence of various functional groups on the surface of the CDs not only gives a 

negative charge (-potential = - 142 mV), but also enhances their solubility and stability 

(Figure 3.14).  
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Figure 3.14. (A) Zeta potential plot of CDs recorded in water. (B) Particle size distribution graph of CDs 

in Milli-Q water as revealed by Dynamic Light Scattering. 
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Figure 3.15. AFM topography image of CDs on silicon substrate, with the height profile along the line in 

the image. 
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The size and the topography of as-prepared CDs were characterized by AFM 

measurements. AFM images revealed the presence of spherical nanoparticles with an average 

height of 6  2 nm, which agrees with DLS results (Figure 3.15). According to DLS 

measurements the aqueous solution has an average hydrodynamic diameter of 3.2 0.8 nm, as 

seen in Figure 3.14B.  

The Raman spectrum of as-prepared CDs displays contributions from both the G band 

at 1570 cm
-1 

related to the in-plane vibration of sp
2 

carbon and the D band at 1350 cm
-1

, related 

to the presence of sp
3
 defects, as shown in Figure 3.16. The intensity ratio of the D and G band 

(ID/IG) is a measure of the defects in CDs and is around 0.85. In addition, a broad peak centered 

at around 2920 cm
-1

 corresponding to the 2D component of graphitic structures is observed [42, 

73, 74]. 
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Figure 3.16. Raman spectrum of CDs shows contributions of both sp

2
 (G-band 1590 cm

-1
) and sp

3
 

carbons (D-band at 1320 cm
-1

). 

 

3.3.2 Carbon dots for visible-light-triggered photodynamic therapy 

Photodynamic therapy (PDT) is a clinically approved cancer treatment approach, which 

utilizes a photosensitizer (PS), oxygen and a suitable light to kill cancer cells. The cell death, as 

response to PDT, is induced either by apoptosis or necrosis and depends on various factors, 

including concentration, physico-chemical properties and sub-cellular location of the PS, oxygen 

concentration, light wavelength and intensity, as well as cell type properties. Compared with 

conventional cancer therapies (such as surgery, chemotherapy and radiotherapy), PDT is non-

invasive with high localized cytotoxcity and little collateral damage. The reactive oxygen species 

(ROS) affecting only the biological structures located in their close proximity. For example, the 

action radius of single oxygen has been estimated to be approximately 20 nm and the half life 

time in biological systems  40 ns, respectively. The current applications of PDT are often 

limited by the PS drawbacks, including poor water solubility, stability and selectivity, their 

tendency to aggregate under physiological conditions and excitation wavelength. In the last 

years, considerable efforts have been devoted to the development of new PDT drugs and of 

nano-sized carriers for the delivery of PS in order to overcome their short-comings [9, 63, 75-

77]. Four types of interactions between nanoparticles and PS molecules have been reported: (i) 

PS embedded in hybrid nanoparticle networks, (ii) PS bound to the surface of nanoparticles, (iii) 

PS alongside nanoparticles and (iv) nanoparticles as the PS [78]. 

There are many motivations and reasons of using nanomaterials in biomedical applications, such 

as small size, biocompatibility, high reactivity and large surface area to mass ratio. For example, 

due to their size, nanomaterials are able to accumulate in pathological areas via the enhanced 

permeability and retention (EPR) effect.  
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An ideal PS should exhibit the following properties: low level of toxicity in absence of 

light exposure, absorb light in the range of 700 – 1000 nm, a high penetration depth, high 

absorption bands in order to minimize the PS dose needed to achieve the desired effect, water 

solubility, PS selective accumulation in tumor tissue for targeted therapeutic efficiency [79, 80]. 

It has to be highlighted that a very few studies has been focused on the intrinsic 

theranostic application of CDs, for simultaneous imaging and photodynamic/thermal therapy 

[31, 63].  

As can be seen in Figure 3.17 A, no significant changes in cell viability were observed 

upon incubation of cells with various CDs concentrations ranging from 12.5 to 200 g/mL. It 

was found that more than 90% cells survive even at a CDs concentration of 200 g/mL for 24 h, 

demonstrating that CDs are suitable for biomedical applications. In addition, the confocal images 

(Figure 3.17 B) confirmed that the CDs have been internalized into the cells (possible through 

endocytosis), in accordance with previous studies [16, 29, 32, 39, 49, 54, 55]. The CDs labeled 

both the cell membrane and the cytoplasm, but also are able to penetrate the nucleus and stain 

the cells uniformly. In these experiments, Hoechst 33342 was used to stain the nucleus.  
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Figure 3.17. (A) Relative viabilities of human cervical carcinoma (HeLa) and human epithelial colorectal 

adenocarcinoma (Caco-2) cells after being incubated with CDs at varied concentrations for 24 h (normalized to the 

untreated control). The error bars represent standard deviation of five independent experiments. (B) Confocal 

images of HeLa cells: (1) brightfield, (2) showing the uptake of DAPI (ex = 405 nm and em = 450 nm, nuclei 

staining), (3) of CDs (ex = 488 nm and em = 525 nm), (4) overlay image of 2 and 3 (Scale bar 10 m, cells were 

incubated with 100 g/mL CDs for 4/24 h). 
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The generation of singlet oxygen (
1
O2) was measured by the use of ABDA as a selective 

scavenger under visible light irradiation. As shown in Figure 3.18 A and B, the amount of 

singlet oxygen increased with illumination time and with raising of the visible lamp intensity. 

Moreover, during the light exposure, we did not observe a significant decrease of CDs 

absorbance, demonstrating that CDs are stable against photo-bleaching. 

The sub-cellular localization of CDs predicted the available photodynamic effects. The 

photodynamic activity of CDs on HeLa cells showed a decrease of the cell viability to 46 % at 

100 g/mL and 9.4 % at 200 g/mL, after 10 min of irradiation (Figure 3.19).  

The major limitation of CDs is that they absorb light in the visible region. It is known 

that the therapeutic window where tissue have maximum transparency to light, ideal for optical 

imaging and phototherapy, is between 700-900 nm. Therefore, carbon dots could be used for the 

simultaneous imaging and photodynamic therapy of skin cancer and tumors located near the 

skin.  
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Figure 3.18. (A) Photodegradation of ABDA (10 M) under visible light irradiation in the presence of 

CDs (50 g/mL) under 0.31 W. (B) Decay curve of ABDA absorption at 260 nm as a function of irradiation time in 

the presence of CDs (50 g/mL) for different powers. 
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Figure 3.19. Relative viability of HeLa cells incubated with various concentrations of CDs upon 

irradiation at 0.31 W for 10 min or 20 min. 

In summary, the in vitro results demonstrated the intrinsic theranostic application of 

CDs, as non-toxic imaging probe and as photodynamic agent, providing an effective approach to 

kill cancer cells.  
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3.3.3 Enhanced antibacterial activity of ampicillin conjugated fluorescence carbon 

dots 

The increase of multidrug-resistant bacteria infections represents an important bio-

medical problem that requires the development of new antibacterial-based platforms for which 

pathogens will not be able to develop resistance (Figure 3.20 B). The use of antimicrobial 

nanoparticles or nanosized carriers for the delivery of therapeutic agents is a promising approach 

which might solve several limitations of the conventional drug delivery systems, including poor 

distribution in the body fluid, nonspecific interactions, poor stability against various physico-

chemical agents, and drug resistance due to repetitive administration. In some situations, even 

the aggressive antibiotic treatment is not able to eradicate the infection due to the ability of 

bacteria to form biofilms.  

 

Figure 3.20. (A) The main mechanisms involved in the activity of antibacterial agents. (B) Evolution of 

antimicrobial agents and emergence of drug resistant bacteria. The form was inspired from the sketch in [81, 82]. 

In recent years, numerous studies have proved the antimicrobial activity of 

nanoparticles and nanosized platforms for efficient antibiotics delivery, to treat infectious 

diseases, in vitro as well as in vivo on animal models. In general, the antibacterial NPs consist of 

metal and metal oxides, carbon-based nanomaterials, and naturally occurring compounds (e.g. 

aminoglycosides). The activity of antibacterial agents is highly strain specific and may be related 

to several mechanisms, including the interruption of energy transduction, disruption of cell 

envelope, inhibition of enzyme activity and DNA synthesis or with the production of secondary 

products such as reactive oxygen species (Figure 3.20 A). Compared with Gram positive, Gram 

negative cell walls are more complex, consisting of an inner cytoplasmic membrane and an outer 

membrane that are separated by the peptidoglycan-containing periplasm. The outer membrane 

acts as a physical and functional barrier between the cell and its environment, providing 

resistance to external factors. In addition, in the outer membrane are present different biological 

molecules, such as lipopolysacharides, which increase the negative charge of cell membrane and 

are essential for maintaining the structural integrity and the shape of the bacteria. In summary, 

the activity of antibacterial agents depends on both their physico-chemical properties and type of 

bacteria [81, 82].  

Several reports exist on the attachment of antibiotics to nanoparticles (Table 3.4). These 

studies demonstrated that the resulting conjugates exhibit enhanced bactericidal activity and 

higher stability compared to free antibiotic drug and the antibiotic strategy employed is 

particularly important.  

Among the different nanoparticles, a viable alternative may be the CDs as antimicrobial 

agents [7] or as carriers for the delivery of antimicrobial drugs due their low toxicity, high cell 

membrane permeability, high stability and solubility. At the moment, there are a very few studies 

on using of fluorescent CDs as nanosized carriers for antibiotics delivery [83, 84] or of others 

drugs [5, 45, 51].  

 

(A) (B) 
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Table 3.4 Summary of nanoparticle-antibiotic conjugates for bactericidal applications. 

Carrier Antibiotic Tested against 
MIC (g/mL) 

Ref. 
Free Sample 

   inhibition zone (mm)  

C-dots ciprofoxacin 

B. subtilis 

S. aureus 

E. coli 

P. aeruginosa 

2.5 

2.7 

2.6 

3.1 

3.1 

2.5 

2.5 

3.3 

Thakur  

(2014) [84] 

E.coli  1.5 
Krishna 

(2014) [83] 

MWNT 

amphotericin 

C. parapsilosis 

C. albicans  

C. neoformans 

20 

>80 

5 

1.6 

6.4 

0.8 
Wu  

(2005) [85] 

SWNT 

C. parapsilosis 

C. albicans  

C. neoformans 

20 

>80 

5 

1.6 

13.8 

0.8 

AuNPs 

ampicillin 

E. coli K-12 (R) 

E. coli K-12 S 

E. coli O157:H7 (S) 

E. coli O91:H21 (S) 

V. cholera (S) 

P. aeruginosa (R) 

E. aerogenes (R) 

S. aureus (MRSA) (R) 

- 1 

1 

1 

2 

2 

4 

4 

4 
Brown  

(2012) [86] 

AgNPs 

E. coli K-12 (R) 

E. coli K-12 S 

E. coli O157:H7 (S) 

E. coli O91:H21 (S) 

V. cholera (S) 

P. aeruginosa (R) 

E. aerogenes (R) 

S. aureus (MRSA) (R 

- 1 

1 

1 

1 

2 

2 

4 

4 

Au NPs 

ampicillin E. coli DH5 

M. luteus 

S. aureus 

50 

0.52 

0.45 

45 

0.45 

0.37 

Saha et al. 

(2007) [87]  

streptomycin E. coli DH5 

M. luteus 

S. aureus 

14 

22 

9 

7 

17 

5.8 

 

kanamycin E. coli DH5 

M. luteus 

S. aureus 

30 

22 

32.5 

12 

17 

23 
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In this context, we used CDs as a carrier for the delivery of ampicillin and the 

antibacterial activity of CDs@Amp conjugate was tested against Escherichia coli. The carboxyl 

group of ampicillin is able to conjugate with amino groups on the CDs surface by means of the 

condensation reaction via EDC/NHS chemistry (Figure 3.21).  

   
Enhanced antibacterial activity 

 

Figure 3.21. Schematic illustration of the synthesis of CDs and conjugation with ampicillin using 

EDC/NHS chemistry. 

Ampicillin (Amp), part of the aminopenicillin family, was chosen in this study as a 

model drug due to its antibacterial activity. It is an antibiotic used to treat various bacterial 

infections, including respiratory tract infections, urinary tract infections, meningitis, salmonella 

infections and endocarditis. The ampicillin was a first-line agent used for the treatment of 

infections caused by Enterococci. It can be found in both oral and intravenous formulations. It is 

active against many Gram-negative and Gram-positive bacteria. Its spectrum of activity is 

enhanced by co-administration of sulbactam, a drug that inhibits lactamase, an enzyme produced 

by bacteria to inactivate ampicillin and related antibiotics. The action mode is related with cell 

wall synthesis, inactivating transpeptidases on the inner surface of the bacteria cell membrane. 

Various studies proved that ampicillin stability in solution is function of pH and temperature 

(Sigma Aldrich). 

The increase of absorption in the UV region, associated with ampicillin absorption band 

and the decrease of fluorescence quantum yield from 32 % to 19 % suggests the conjugation of 

ampicillin to CDs surface (Figure 3.22 A-C). It should be noted that, the simple mixture of CDs 

with ampicillin did not have any impact on their PL properties; moreover, the emitted 

fluorescence can be used to monitor the distribution of the antibiotic moiety. The results 

confirmed the presence of same absorption and fluorescence bands for CDs@Amp conjugate as 

those of as-prepared CDs.  
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Figure 3.23. (A) Fluorescence spectra of CDs@Amp conjugate for different ex from 200 to 420 m with a 

20 nm increment. (B) UV-Vis absorption (solid lines) and fluorescence spectra (dash dot, ex = 350 nm) of the CDs 

(red), Ampicillin (green) and CDs@Amp conjugate (blue) aqueous solution. Insets are digital photos of the CDs 

alone under sunlight and UV light irradiation (350 nm). (C) Plots of integrated fluorescence spectra against 

absorbance of quinine sulfate, CDs and CDs@Amp conjugate in PBS. (D) Quenching of PL properties of the CDs / 

ampicillin mixture. 

The absorption band associated with C=O at 1771 cm
-1

 reflects the loading of ampicillin 

onto CDs (Figure 3.24). It is difficult to confirm the conjugation of antibiotic molecules onto 

CDs using FTIR technique, due to the presence of amide bonds (–CO-NH-) in the ampicillin 

chemical structure.  
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Figure 3.24. FTIR spectra of (a) ampicillin, (b) CDs and (c) CDs@Amp conjugate. 

In order to confirm the linkage of ampicillin to CDs, thermogravimetric analysis (TGA) 

was performed for CDs and CDs@Amp conjugate. According to the TGA measurements, the 

immobilization ratio of ampicillin was calculated to be 14 %. A similar result was reported by 
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Krishana et al. [83], the amount of ciprofloxacin conjugated onto 1 mg conjugate was quantified 

as 96 g (10 %). As can be seen in the Figure 3.25, CDs@Amp conjugate decomposes at a 

faster rate compared to as-prepared CDs and the maximum weight loss is between 150 and 

450 °C, indicating the conjugation of ampicillin to CDs surface, thus higher energy is required to 

decompose/desorb the antibiotic from the surface.  

 
Figure 3.25. Thermogravimetric analysis curve of CDs and Amp@CDs conjugate. 

As can be seen in Figure 3.14 - 3.15 and 3.26 – 3.27, after conjugation with ampicillin 

the average size of CDs@Amp conjugate is much larger than that of as-prepared CDs, which is 

probably because of the formation of aggregated structures, similar to those reported in [83]. The 

decrease of fluorescence intensity can be attributed to the formation of aggregates. The surface 

charge of the CDs@Amp conjugate remained negative (-potential = - 8 2 mV). 
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Figure 3.26. (A) Particle size distribution graph of CDs and Amp@CDs conjugate in Milli-Q water as 

revealed by Dynamic Light Scattering. (B) Zeta potential plot of CDs and Amp@CDs conjugate recorded in water. 
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Figure 3.27. AFM topography images of CDs and CDs@Amp on silicon substrate, with the height 

profile along the line in the image. 

Cytotoxicity studies showed that CDs@Amp exhibit low cell growth inhibition for both 

cell lines, human cervical carcinoma (HeLa) and human epithelial colorectal denocarcinoma 

(Caco-2) cells up to 200 g/mL. The confocal images confirmed the internalization of 

CDs@Amp in the cells, in agreement with [85]. In addition, Wei et al. [85] showed that the 

conjugation of amphotericin B to carbon nanotubes (CNTs) reduced the toxic effects of the 

antibiotic on mammalian cells due to the excellent cell membrane permeability of CNTs. 
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Figure 3.28. Relative cell viabilities of (A) human cervical carcinoma (HeLa) and (B) human epithelial 

colorectal adenocarcinoma (Caco-2) cells after being incubated with CDs, ampicillin, CDs@Amp conjugate and 

Amp (15 %) mixed with CDs at varied concentrations for 24 h (normalized to the untreated control). The error bars 

represent standard deviation of five independent experiments. (C) Confocal images of HeLa cells: (1) brightfield, 

(2) showing the uptake of DAPI (ex = 405 nm and em = 450 nm, nuclei staining) (3) of CDs (ex = 488 nm and em 

= 525 nm) (4) overlay image of 2 and 3 (Scale bar 10 m, cells were incubated with 100 g/mL CDs@Amp for 

24 h). 
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In this study, the antibacterial activity of ampicillin and CDs@Amp conjugate was 

evaluated using two bacterial strains E. coli K12 – MG 1655 and E. coli C43 by cell growth 

measurements based on the optical density at 600 nm (OD600nm) (Figure 3.29 A) and by plating 

method to quantify the viable cell number (Figure 3.29 B). The minimum inhibitory 

concentration values were determined after 8 h of incubation with different doses of free 

ampicillin and of CDs@Amp conjugate.  
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Figure 3.29. Bacteria dynamic growth curves in LB medium with samples and comparison of 

antibacterial activity of Amp@CDs conjugate with respective ampicillin mixed with CDs against E. coli K12 – MG 

1655 by drop culture titer assay. 

As seen in the Table 3.5, the covalent attachment of ampicillin to the carbon dots 

improved the efficacy of the antibiotic; the MIC of CDs@Amp conjugate for both strains were 

significantly reduced when compared to ampicillin, in agreement with other results (Table 3.4). 

Table 3.5. Minimum concentration of ampicillin required to inhibit the growth of E. coli K12 and C43 cells. 

Name of bacteria 

strain 

Minimal inhibitory concentration (g/mL) % change in MIC 

Free ampicillin Amp@CDs 

conjugate 

E.coli K 12 25 14 - 44 % 

E.coli C 43 5 2 - 60 % 
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CONCLUSIONS  

Amine-rich and fluorescent carbon dots were synthesized by a simple hydrothermal 

treatment of citric acid and ethylenediamine in a Teflon autoclave reactor.  

The detailed characterization of as-prepared CDs shows the signatures of nitrogen and 

oxygen functional groups responsible for their high aqueous dispersibility and stability. The CDs 

fluorescence spectra showed an excitation independent emission behavior with maximum 

fluorescence intensity at 445 nm at 340 nm excitation wavelength. The presence of primary 

amino groups on the surface of CDs was confirmed by a modified Kaiser test. According to the 

modified Kaiser test, the surface loading was about 0.7 mmol/g.  

Cytotoxicity studies proved that as-prepared CDs exhibit low cell growth inhibition for 

both human cervical carcinoma (HeLa) and human epithelial colorectal denocarcinoma (Caco-2) 

cells up to 200 g/mL. The confocal images showed that the CDs have been internalized into the 

cells, without any significant effect on cell morphology. 

The low toxicity, the excellent cell membrane permeability, the high stability, solubility 

and fluorescence quantum yield suggest that the CDs may represent a promising alternative for 

biomedical applications. 

The in vitro results demonstrated the intrinsic theranostic application of CDs, as a toxic 

imaging probe and as a photodynamic agent. The photodynamic activity of CDs on human 

cervical carcinoma (HeLa) cells led to a decrease of the cell viability to 46 % at 100 g/mL and 

9.4 % at 200 g/mL, after 10 min of irradiation (420 – 700 nm, 0.31 W). 

The presence of amino groups on the CDs surface allowed the conjugation of ampicillin 

to CDs surface. According to the TGA measurements the immobilization ratio of ampicillin was 

calculated to be 14 %. Compared with as-prepared CDs, the conjugate form displayed a 

decreased fluorescence quantum yield from 32 % to 19 %. 

The in vitro results proved that CDs@Amp conjugate is more effective compared to free 

ampicillin towards both E. coli K12 – MG 1655 and E. coli C43 strains. 

In summary, the CDs@Amp conjugate integrates the fluorescence properties of amino-

functionalized CDs and the antibacterial function of ampicillin into a single unit. 
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List of abbreviations and acronyms 

0D - zero-dimensional 

1D - one-dimensional 

3D – three-dimensional 

A. baumannii - Acinetobacter baumannii, 

ABDA - 9,10-anthracenediylbis(methylene)dimalonic acid 

AAPD - aerosol-assisted plasma deposition 

AA – acrylic acid 

AFM – atomic force microscopy  

APPs – atmospheric pressure plasmas 

APP DBD – atmospheric pressure plasma dielectric barrier discharge  

APTMS – (3-aminopropyl)trimethoxysilane  

BAECs – bovine aorta endothelial cells 

BSMCs - bovine smooth muscle cells 

C. albicans  - Candida albicans 

CCK-8 – Cell counting kit - 8  

CDs- carbon dots 

CDs@Amp – carbon dots conjugated ampicillin 

CNTs - carbon nanotubes 

C. parapsilosis – Candida parapsilosis 

C. albicans - Candida albicans 

C. neoformans – Cryptococcus neoformans 

CTAB - Cetyl trimethylammonium bromide 

DOX – doxorubicin 

DAPI - 4',6'-diamidino-2-phenylindole 

DC – direct current 

DMEM - Dulbecco's Modified Eagle's Medium 

E. coli – Escherichia coli 

E. aerogenes - Enterobacter aerogenes 

ESBL – extended spectrum -lactamase (ESBL) 

EDC - N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

FBS - fetal bovine serum 

FCS - fetal-calf serum 

FTIR – Fourier transform infrared spectroscopy 

HDF – primary human dermal fibroblasts  

ICG - Indocyanine Green 

K. pneumonia – Klebsiella pneumonia  

LB - Luria-Bertani 

MIC - minimum inhibitory concentration 

MWNT-AMB – multiwalled carbon nanotubes conjugated amphotericin 

MRSA - methicillin-resistant S. aureus 

NPs –nanoparticles 

NHS - N-Hydroxysuccinimide 

OD -  optical density 

OXA - oxaliplatin 

PEO – polyethyleneoxide 

ppAAc – poly-acrylic acid plasma-polymerized films 

PLLA – poly (l-lactide) 
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PTFE – poly(tetrafluoroethylene) 

pPAAc - plasma polymerized polyallylamine coatings 

PLLA – poly(L-lactic acid) 

pPS – plasma polymerized styrene films 

PI - propidium iodide 

PEI - polyethylenimine  

PDT – photodynamic therapy 

PS – photosensitizer 

P. aeruginosa - Pseudomonas aeruginosa 

PDRAB - pan-drug-resistant A. baumannii 

PVP/PB NPs – poly(vinylpyrrolidone)-coated Prussian blue nanoparticles 

rGO-PEG-Au NRs – Au nanorods modified with PEG-functionalized reduced graphene oxide 

QY – quantum yield 

S. aureus – Staphylococcus aureus  

SEM – scanning electron microcopy  

TMDSO – tetramethyldisiloxane 

TH-S - thioflavin S 

SLM – standard liter per minute 

S. aureus - Staphylococcus aureus 

S. pyogenes - Staphylococcus pyogenes, 

S. saprophyticus – Staphylococcus saprophyticus 

S. aureus – Staphylococcus aureus 

SWNT –AMP – single carbon nanotubes conjugated amphotericin 

TTDDA - 4,7,10-trioxa-1,13-tridecanediamine 

V. cholerae THR7000 - Vibrio cholerae THR7000 

VRE1-  vancomycin-resistant Enterococcus faecalis 

VRE4 - vancomycin-resistant Enterococcus faecium. 

WCA - water contact angle 

XPS- X-ray photoelectron spectroscopy  
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