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ABSTRACT 

Development of Luminescent Carbon Nanoparticles for Authentication of 

Petroleum Products and Investigation of Phototherapy Potential of Nanoparticles 

Kübra Nur Özvural Sertçelik 

Master of Science in Materials Science and Engineering 

January 21, 2022 

 

Nanomaterials were exploited in many engineered materials since their properties 

can be controlled and modified by tunning their size. The relatively new member of the 

nanomaterials portfolio is the luminescent carbon dots (CD) which are more or less 

considered biocompatible, non-toxic, and environmentally friendly. However, the 

development of CDs with different luminescence properties can be challenging. In this 

thesis, the effects of small organic precursors, N-, O-, P- doping, and solvent (polarity 

and reducing power) on the emission wavelength of CDs were investigated. In literature, 

most CDs have blue emission. Examples to CDs with different emission colors exist, yet 

most of them have major drawbacks such as non-reproducibility, low colloidal stability. 

A portfolio of colloidally stable, reproducible, easily manufactured CDs to address these 

disadvantages was developed in this thesis. The second part of the thesis focuses on using 

CDs in the authentication of petroleum products as photostable optical tags. In the third 

part of the thesis, one of the most popular photosensitizers, BODIPY, was loaded to 

highly biocompatible superparamagnetic iron oxide nanoparticles for enhanced delivery 

of BODIPY to cancer cells and achieve highly selective and enhanced photodynamic 

therapy. Lastly, the phototherapy potential of aqueous red-emitting CD produced in this 

thesis was investigated.  
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ÖZETÇE 

Petrol Ürünlerinin Doğrulanması için Karbon Nanoparçacıklarının 

Geliştirilmesi ve Nanoparçacıkların Fototerapi Potansiyelinin İncelenmesi  

Kübra Nur Özvural Sertçelik 

Malzeme Bilimi ve Mühendisliği, Yüksek Lisans 

21 Ocak 2022 

 

 

Nanomalzemeler boyutlarında yapılabilen değişikliklerle, sahip oldukları 

özelliklerin de kontrol edilip değiştirilebilmesine imkan sağlayan en önemli tasarlanmış 

malzeme kollarından biridir. Bu malzeme kollarından görece yeni sayılabilecek karbon 

bazlı nanoparçacıklar mevcut uygulamalar için daha biyouyumlu, çevre dostu ve toksik 

olmayan bir alternatif sunmaktadır. Ancak, farklı lüminesans özelliklere sahip karbon 

noktacıkları geliştirmek kolay bir görev olmayabilir. Bu tez çalışmasında, küçük organic 

hammaddelerin kullanımının, -N, -O, -P katkılamalarının ve çözücünün karbon 

noktacıklarının emisyon dalgaboylarına etkisi incelendi. Literatürde birçok farklı renk 

alternatifi olmasına rağmen bu karbon noktacıklarının çoğu yeniden üretilememe, düşük 

kolloidal stabilite gösterme ve baskın olarak mavi emisyona sahip olma dezavantajlarını 

barındırırlar. Bu tezde, bu sorunların çözümünü hedefleyen bir karbon noktacık 

portfolyosu geliştirildi ve bunların petrol ürünlerinin doğrulamasında optik işaretleyici 

olarak kullanılması üzerine çalışıldı. Tezin üçüncü kısmında, en popüler foto 

duyarlaştırıcılardan olan BODIPY’nin yüksek biyouyumlu super paramanyetik demir 

oksit nanoparçacıklarına yüklenerek kanser hücrelerine daha fazla taşınması sağlanmış, 

yüksek seçicilik ve geliştirilmiş fotodinamik terapi kombinasyonu sağlanmıştır. Son 

olarak, suda çözünen kırmızı emisyona sahip karbon noktacıklarının fototerapi 

potansiyeli incelenmiştir. 
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Chapter 1: INTRODUCTION 

Nanomaterials are chemical substances that possess at least one external dimension 

measuring 1-100 nm. On such a small scale, they demonstrate quite different physical, 

chemical, and optical properties than their bulk-form (Xu et al., 2016). This extraordinary 

behavior of nanomaterials has drawn significant attention which leads to expansion in 

nanomaterial variety and consequently, increasing demand. Possible candidates 

addressing this interest are metal nanoparticles, metal oxide nanoparticles, chalcogenide 

nanoparticles, and more recently carbon-based nanoparticles. Because of the 

environmentally friendly nature of carbon elements, carbon-based nanoparticles have the 

advantage to create more biocompatible, non-toxic, and stable designs. Hence, the first 

part of this thesis will focus on understanding the design parameters to tune their 

properties which will be followed by the second part focusing on their exploitation as a 

fluorescent marker for liquid petroleum products. 

1.1 Nanoparticles 

At the macroscopic level, materials have physical properties which are independent 

of size, shape, and geometry. Therefore, chemical, physical, optical, electrical, magnetic, 

etc. properties can be only changed by changing the molecular structure or composition 

of the matter. However, this general information will not be completely accurate when 

moving from the macroscale to the nanoscale since quantum mechanics overcome 

classical mechanics at this extremely small scale. Hereby, a change in the size of the 

nanoscale material changes chemical and physical properties such as melting point, 

reactivity, optical, electrical, and magnetic properties dramatically, and provides unique 

features which are not possible at the macroscopic level.  

In this thesis, the main size-dependent property that will be investigated and 

exploited is photoluminescence. Photoluminescence is the emission of light from a 

material exposed to electromagnetic radiation (Zhu et al., 2015). 
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Figure 1.1. Scheme of size comparison of nanomaterials with general objects. 

(European Chemicals Agency, 2016). 

 

This size-dependent luminescence feature at the nanoscale is highly worthy for 

material scientists because it opens a way to create new materials for numerous 

technological needs and hence many types of engineered nanomaterials have been 

developed, such as luminescent quantum dots, gold nanoparticles, and recently carbon 

dots (CDs). This thesis specifically focuses on CDs as luminescent nanoparticles from its 

design, synthesis, and investigation of their potentials as optical tags for fuel and in 

biomedical applications. 

1.1.1 Carbon Dots 

Carbon dots (CDs) are considered as a group of ultra-small and photoluminescent 

nanoparticles such as graphene quantum dots (GQDs), carbon quantum dots (CQDs), 

carbon nano-dots (CNDs), and polymer dots (Zhu et al., 2015). In the scientific 

community, there is no consensus about the origin of their luminescence. However, 

several highly important mechanisms were proposed such as bandgap transitions of 

conjugated π-domains and surface defect states  (Yan et al., 2019). The conjugated π-

domains act as a carbon-core fluorescence center based on another phenomenon which is 

called the quantum confinement effect (QCE) (Yan et al., 2019). This effect is considered 

as the change of continuous energy bands to discrete energy levels and increasing 

bandgap with decreased size of CDs which causes to blue shift. This mechanism includes 

the direct transition of conduction band electrons to valence band holes, and this is the 

reason to call it bandgap fluorescence (Yan et al., 2019). Another mechanism is surface 

defect states which are based on dominant surface groups over carbon core. These surface 
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groups may be sp2 and sp3 hybrid carbons or other defects which are commonly originated 

by surface oxidation, and they capture the exciting photons during their relaxation to 

ground state (Fang et al., 2017).  

CDs are generally synthesized from conjugated carbon structures by using different 

synthesis methods some of which are highly straightforward and low-cost which is a 

significant industrial advantage. Their unique properties depend on size, surface structure, 

reaction solvent, etc. (Wang & Hu, 2014). Therefore, their properties may be tuned for a 

specific application. Besides, CDs are reported as highly biocompatible materials with 

good stability in the biological environment, making them one of the most promising 

candidates for both commodity products and biomedical applications (Jia et al., 2020). If 

the surface of CDs is functionalized different groups such as carboxylic acid, amine, or 

hydroxyl groups, new chemical, physical, optical properties may be obtained (Li & Dong, 

2018) for different applications such as fluorescent imaging (Liu et al., 2016), bio-sensing 

(Loo et al., 2016), photocatalysis (Liu et al., 2015), security (Jiang et al., 2018), etc.  

 

Figure 1.2. Scheme of synthesis method for CDs (Ghosh et al., 2021). 

 

CDs are synthesized either via chemical or physical methods. Physical methods 

include laser ablation, plasma treatment, and arc discharge, which are relatively more 

difficult and expensive methods than chemical methods. The most widely used chemical 
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methods are electrochemical synthesis, hydrothermal treatment, microwave irradiation, 

and solution chemistry (Li et al., 2012).  

 

Figure 1.3. Diagram of two different approaches for CDs synthesis; top-down and 

bottom-up (Ross et al., 2020). 

These synthesis methods are also classified into two extensive groups, top-down and 

bottom-up approaches (Ghosh et al., 2021). Bottom-up methods such as hydrothermal 

treatment, microwave irradiation, or electrochemical synthesis are based on fabricating 

CDs from smaller organic precursors such as citric acid, urea by pyrolysis or 

carbonization (Ross et al., 2020).  

1.1.2 Hydrothermal Synthesis of Carbon Dots 

The most common chemical synthesis method of CDs is hydrothermal treatment a 

relatively low-cost, non-toxic, environmentally friendly procedure that converts various 

precursors to CDs in an acceptable time. In this method, typically, a solution of an organic 

precursor is sealed and reacted in a hydrothermal reactor at high temperatures. Synthesis 

may be performed in aqueous or organic solvents, and optical properties and solubility 

may be changed by surface functionalization (Ross et al., 2020). Therefore, after 

hydrothermal carbonization followed by extraction, there may be both hydrophobic (in 

organic solvent) and hydrophilic (in water) CDs. For example, the luminescence of 

hydrophilic CDs may be shifted to longer wavelengths by acid treatment (Wang & Hu, 

2014). But the disadvantage is poor control over the size of CDs and low quantum yield 

(QY) compared with other methods such as microwave or calcination (Crista et al., 2020). 
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Table 1.1. Synthesis of CDs from small organic molecules via hydrothermal 

treatment (Sharma & Das, 2019). 

 

1.1.3 The Relationship Between the Chemical and Optical Properties of CDs 

The discovery of CDs was unintentional. It was discovered by scientists during the 

purification of carbon nanotubes at the beginning of the 2000s (Xu et al., 2004). The 

following two decades were full of CD research to understand the nature of these carbon-

based nanoparticles. The most exciting result was excitation-dependent emission 

characteristics of CDs since this is not a common feature of the luminescent quantum dots 

(QDs), the previous star of that area. One significant drawback is a dramatic decrease of 

luminescence intensity at longer wavelengths, despite the broad emission spectrum of 

CDs. Possible causes of such behavior have been suggested as selectivity at the optical 

level due to the change in the size of nanoparticles, also known as quantum effect or trap 

states on the surfaces. Briefly, CDs entered the scientific world as nanoparticles with 

absorption in UV-Visible range and dominant blue emission (Liu et al., 2018). 

This is a limitation in terms of biological applications since the penetration depth of 

blue emissions is relatively short, preventing deep tissue imaging (Mauro et al., 2020). It 

is also a limitation in sensing and tagging applications where colored substrates or 

analytes are used (Liu et al., 2018). Besides, this lack of color tunability which is easily 

achieved with quantum dots excludes CDs from various application areas. Hence, a great 
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effort towards color tunning of CDs and the development of red-luminescent CDs have 

started. Red emission with longer penetration depth is highly preferred in bio-applications 

and tagging of colored materials (Lee et al., 2016). In literature, numerous reports are 

claiming successful synthesis of red CDs (rCD) case. However, most of the time, they 

produce CD mixture with emissions in the whole visible range and then separate them 

using column chromatography (Ding et al., 2015). Therefore, one of the goals of this 

thesis is the synthesis of color tunable CDs and the synthesis of rCDs without size 

separation processes.  

Based on the literature, there are mainly two parameters affecting the emission color 

of CDs: reaction solvent and precursor.  

Common precursors for CDs in the literature are citric acid and urea (Simões et al., 

2016). They are not aromatic or does not contain conjugated carbon structures. The 

products synthesized from citric acid and urea require a size separation process to obtain 

single color luminescent CDs. 

Interestingly, the use of malic acid shifted the blue emission of CDs obtained from 

branched polyethyleneimine (bPEI) to green with high QY (41%) (Guo et al., 2019). 

Usually, aromatic molecules are preferred as precursors to produce CDs with 

emission colors beyond blue and especially red. Aromatic precursors inherently lower the 

energy bandgap by generating large sp2 domains and shifting the emission to longer 

wavelengths (Yan et al., 2019). Therefore, for example, phenylenediamines are one of 

the most popular precursors for CDs.  

Another chemical feature of the desired precursor is the heteroatom content because 

N, O or S atoms introduce new energy bandgaps within CDs. Nitrogen doping (N-doping) 

is shown as a red shifter in literature due to the generation of additional states between 

HOMO and LUMO, which reduces the bandgap (Ding et al., 2020; Wang et al., 2015; 

Zhang et al., 2014). 



7 

Chapter 1: Introduction 

 

 

 

Figure 1.4. Examples of heteroatom doping effect on optical properties of CDs 

(Ding et al., 2020).  

 

The position of N atoms on the CDs influences the emission wavelength (Zhang et 

al., 2014). In 2015 and 2017, two different studies show that ortho-phenylenediamine 

(oPDA) gives green emission in ethanol (EtOH) and dimethylformamide (DMF) (Jiang 

et al., 2015), respectively, but para-phenylenediamine (pPDA) gives red emission in DMF 

(Lin et al., 2017). However, rCDs were also synthesized from oPDA by acid treatment, 

specifically with HNO3. Acid acted both as catalyst and reactant through electrostatic 

interaction with the precursor. Eventually, that caused changes in the electronic properties 

of CDs (Liu et al., 2018). Based on these reports, a highly acidic environment promotes 

the redshift by improving the carbonization degree and domain size of CDs (Ding et al., 

2018). 
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Figure 1.5. Examples of N-doping effect on optical properties of CDs (Yan et al., 

2019). 

 

A mixture of precursors with different heteroatoms is also a possible way to tune 

luminescence color. Dopamine/oPDA mixture in an acidic aqueous medium (pH=3 by 

addition of HNO3) produced rCDs. Besides, the two-photon excitation of these CDs 

provided the red emission, which is an advantage for deep penetration (Lu et al., 2017). 

There are some other possible small aromatic structures such as melamine (Pan et 

al., 2021) and trinitropyrene (TNP) (Bian et al., 2016) which may be also used in the 

solid-state reactions (Zheng et al., 2020; Ding et al., 2021). Pan et al reported the scalable 

synthesis of organic soluble orange CDs from TNP in toluene as the preferred solvent 

(Wu et al., 2017). 

 

Figure 1.6. a) Synthetic pathway of CDs. b) Corresponding TEM images c) and 

size distribution histograms (Wu et al., 2017).  
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Figure 1.7. Images of CDs in different solvents in daylight and under 365 nm UV 

irradiation respectively (Wu et al., 2017).  

 

A year later, Geng et al claimed NIR-responsive CDs for photothermal therapy (PTT) 

from TNP and bPEI precursors (Geng et al., 2018). Although CDs had a wide absorption 

range in the 600-850 nm region suitable for NIR-phototherapy, they did not have a long 

wavelength emission. As seen in Figure 1.8.a and 1.8.b. (Geng et al., 2018), the emission 

maxima was around 480 nm, dominated by bPEI. They suggested that since the absorbed 

photons at 808 nm are not released in the form of luminescence, they should be in the 

form of heat; hence these CDs were suitable as photothermal agents.  

 

 

Figure 1.8. a) UV-Visible and b) PL spectra of TNP-BPEI based CD at different 

excitation wavelengths (Geng et al., 2018).  

 

The selection of solvent is also critical in tuning the emission color of CDs. As shown 

in Figure 1.7 (Wu et al., 2017), the emission of CDs produced from TNP redshifted with 

the increasing polarity of the solvent from toluene to ethyl acetate, EA, to acetone and 

DMF. On the other hand, it was also reported that as the hydrophilicity and polarity of 

the solvents decreased, N-containing photoluminescence, PL, centers could be formed 
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easily, thereby leading to an increased red emission of CDs produced from pPDA (Zhang 

et al., 2017). 

Interestingly, the solvent may not be just a reaction medium. Several studies are 

showing that formamide as a reaction solvent gives better yellow/red emissions than 

DMF. That means formamide itself or decomposed products take a part in the formation 

of red-shifted CDs (Ding et al., 2017; Zhu et al., 2019). 

As a reaction solvent for CDs, water is a good choice especially for aqueous colloidal 

CDs because of its safety and convenience. But CDs produced in aqueous solutions 

usually have blue emission with low intensity (Khan et al., 2020). In addition, the high 

polarity of water and poor solubility of conjugated carbon precursors seem to prevent red-

shifted emissions (Yang et al., 2019).  

There is also an interesting phenomenon that is observed with some CDs: the 

solvatochromic effect. As the solvent polarity increases, the dipole moment affects the 

surface electronic structure more and more, reducing the bandgap and shifting the 

emission to longer wavelengths (Reckmeier et al., 2016). In 2017, Wang et al. claimed 

that this direct relationship between solvent polarity and red-shift in emission is valid only 

for aprotic solvents. In terms of protic solvents, hydrogen bonds form between nitrogen 

or oxygen atoms on the surface of CDs and hydrogen atoms of protic solvent. 

Consequently, these hydrogen bonds stabilize the excited states and similar orange-red 

color emission is observed in all protic solvents such as alcohol and water (Wang et al., 

2017). 

The solvatochromic effect is also observed when CDs were embedded in solid 

substrates like polymers. Wang et al produced solid CD/polymer composites by using 

different types of polymers (PS, PMMA, PVP, PEG and PVA). CD was obtained from 

pPDA in diphenyl ether. Figure 1.9 shows all CD/polymer composites had dark green to 

red emissions, which was not excitation dependent. Here, as the polarity of the polymer 

increased, emission color shifted to longer wavelengths (Wang et al., 2017).  
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Figure 1.9. a) PL spectra of CD/polymer composites excited at 420 nm b) 

corresponding photos of these composites (Wang et al., 2017).  

 

On the other hand, there is a different type of CD/PVA composite exhibits 

phosphorescence with a long lifetime (~380ms) as an addition to its fluorescent feature 

(Deng et al., 2013). Fluorescence disappears immediately when the light source is off; 

however, phosphorescence lingers as an afterglow process due to energy transition from 

excited triplet states to the ground state. The study claimed that hydrogen bonding 

between PVA and CD stabilizes the excited triplet states, promoting phosphorescence. 

These are highly promising features for using CD/polymer composites in different optical 

applications.  

1.2 Applications 

Carbon dots with luminescent properties and lack of toxic heavy atoms are quite 

popular in medical, environmental and energy applications. 

Biomedical applications will be discussed in detail in the following sections, but a 

couple of highly popular energy-related applications should be given here. CDs became 

highly popular in the field of photocatalysis in recent years as renewable energy sources 

became a hot topic for a better, sustainable future. Advanced materials for electrocatalytic 
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and photoelectrochemical, PEC, hydrogen evolution reaction, HER, is central to the area 

of renewable energy (Zhang et al., 2013). Dye-sensitized solar cells, DSCs, are also a hot 

topic in the sustainable energy area. However, the photobleaching of organic dyes or the 

high cost and toxicity of favored ruthenium containing dyes are some of the limitations. 

Therefore, people are working on ruthenium or platinum-free systems for PECs. Recent 

evidence suggests that Ru can be replaced with Fe successfully and that is an excellent 

solution for the main drawback of expensive and toxic metal components in 

photoelectrochemical hydrogen evolution reaction (Ulusoy Ghobadi et al., 2018). 

Pt-free photoelectrochemical cells have been designed for solar hydrogen generation 

based on quantum dots with high efficiency (Adhikari et al., 2016). This work is highly 

encouraging to use CDs instead of CdSe-QDs in photoelectrochemical cells. Thus, not 

just platinum but also cadmium can be eliminated, and this will be a much more 

environmentally friendly approach towards renewable energy sources. 

However, the world still depends on the petroleum-based energy system, and high 

demand with limited sources causes the illegal trade of these resources of high economic 

value. To control the trade and product quality, tagging technology is developed for 

petroleum-based oils and lubricants.  

1.2.1 Fuel Applications 

The world economy has laid on the fuel industry for a long time and that dependency 

affects every living and non-living subject on a daily basis. Debate continues about the 

best strategies for production and harvesting energy from ideal renewable resources, 

however, it is undeniable that oil is still the main player. Therefore, while criticizing the 

drawbacks of petroleum and derivatives, it is also important to understand the fuel 

industry’s historical background and current situation not to create new problems.  

Crude oil and natural gas are a mixture of complex chemicals that should be refined 

for further use. Crude oil consists of different hydrocarbon molecules with different sizes. 

Each type of hydrocarbon vaporizes at different temperatures depending on their sizes, 

so crude oil fractions are collected by distillation (Allison & Mandler, 2018). 
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Figure 1.10. Refined product distribution from crude oil. Copyright 2021, CME 

Group. 

 

Gasoline, also known as petrol, and diesel have the highest percentage in terms of 

consumption since the automotive industry with fuel oil-based cars creates a huge demand 

for them. Both are obtained by fractional distillation of crude oil and the only difference 

is in their hydrocarbon compositions. Gasoline consists of 5-12 carbons, and it has a lower 

boiling point than diesel which has 10-15 carbons and provides more energy per liter from 

burning. However, the burning of gasoline is cleaner than diesel. That’s why diesel cars 

require another filtration method in diesel engines. And AdBlue, a diesel exhaust fluid, 

made with 32.5 % urea and 67.5% deionized water was introduced for this purpose and 

announced as mandatory to use in diesel engine cars since 2010.  

Many problems with oil and derivatives come from fuel additives used to enhance 

the performance of fuels. Questions have been raised about the safety of using fuel 

additives for a long time and the most serious mistake was using lead additives in petrol.  
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Figure 1.11. A sign on a leaded petrol station. Copyright 2013, Wired. 

 

This historical catastrophe started in 1921 with the discovery of tetraethyl lead, TEL, 

which effectively reduced engine knocking, the characteristic sound created by shock 

waves in engine cylinders due to unevenly burned fuel and increased the octane rating. 

The 0-100 scale octane rating system is used to measure octane similarity in the fuel 

mixture of alkanes depending on their knocking tendency. For instance, unbranched 

chains like heptane have zero octane rating but 2,2,4-trimethyl pentane has a 100. If the 

octane rating increases, energy loss due to knocking decreases and eventually, the 

maximum energy will be obtained from fuel burning. Before that, in the nineteenth-

century, ethanol was used as the main fuel source in the first internal combustion engines. 

Oil won the battle since ethanol is not patentable, which means the petrol and automotive 

companies will not profit. However, they commercialized the gasoline with lead additive 

in 1922 and the brand name of this tetraethyl lead, TEL, was Ethyl to hide the negative 

effect of lead in public. 
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Figure 1.12. An illustration of gasoline and diesel chemistry. Copyright 2016, 

Compound Interest. 

 

By the 1970s, most petroleum products already contained lead. There have been 

many attempts to ban lead in oils by showing the public health risks such as loss of 

intelligence, disruption of behavior and high blood lead levels, putting obstacles in front 

of independent scientific research delayed its banning. 

In 1999, Organization for Economic Cooperation and Development, OECD, 

organized a meeting with United Nations Environment Programme in Paris. 

Contamination of air, dust, soil, drinking water, and food crops and the tragic effects of 

this contamination on public health, especially on children, were reported (Landrigan, 

2002). 

Although scientific evidence demonstrating the high risks of lead, leaded gasoline 

could not be completely phase out until the middle of the first decade of the 2000s. Many 

studies were performed to find new additives as octane rating enhancers. Ferrocene, 

methylcyclopentadienyl manganese tricarbonyl and copper are common octane 

examples, however other than health risks, these additives promoted instability of the fuel 

by catalyzing oxidation reactions (ATC Europe, 2013). Hence, metal-free additives are 

preferred for future developments. 
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The addition of dyes into fuel oils is a critical practice. In general, this procedure is 

performed to classify fuels for different duties, identify the products by UV, IR, or PL 

spectroscopy due to optical properties of the added dyes and prevent illegal activities such 

as smuggling. Therefore, fuel oils are colored using azo compounds. Identification 

requires a heating process of fuel samples to distinguish diesel fuel from higher-taxed 

diesel fuel (ATC Europe, 2013).  

 

Figure 1.13. A common dye example, Solvent Yellow 124 also known as 

Euromarker. 

 

In the following years, these kinds of markers had to be replaced by newer 

technology alternatives, allowing simpler detections with non-destructive analytical 

methods, such as UV, IR, or PL spectroscopy. In 2020, researchers have developed 

carbon quantum dots, CQDs, as green tracers in the oil and gas industry (Franco et al., 

2020). This is so far the only example of CD tagged oils. 

1.2.2 Biomedical Applications 

The quality of human life has been increased over the past century. Improvement of 

medical technologies and supported by scientific research extend the human lifespan. Yet, 

this encouraged scientists to discover and do even more towards improving the health of 

individuals and society. One area that has been under heavy research is the utilization of 

nanotechnology and nanomaterials in medicine to create tools, materials, and models for 

therapeutic and diagnostic applications. Figure 1.14 shows that nanoscale properties of 

materials may be exploited in many ways in medicine (Zhao et al., 2015). 
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Figure 1.14. Examples of nanoparticles and their biomedical applications (Zhao et 

al., 2015). 

1.2.3 CDs in Biomedical Applications 

The majority of the existing studies show that CDs are highly biocompatible 

however, further investigations are still ongoing and needed (Esfandiari et al., 2019). It 

was reported that CDs have negligible cytotoxicity at concentrations required for 

fluorescence bioimaging (Han et al., 2012). The passivation of CDs with functional 

groups such as PEG, PEI and PAA helped to keep cytotoxicity negligible but enhance 

fluorescence (Wang et al., 2011). Wang et al. claimed that PEI-functionalized CDs show 

more cytotoxicity at higher concentrations compared to PEG-functionalized CDs and 

surface passivation with PAA required a short incubation time to eliminate the 

cytotoxicity. Liu et al. used a one-step method to obtain PEI-functionalized CDs instead 

of post-synthetic modification and showed an increase in luminescence intensity which 

is critical for bioimaging (Liu et al., 2012). Another significant outcome in that study was 

controlling cytotoxicity by tuning pyrolysis time. 

Before 2009, common optical imaging agents were cadmium chalcogenide quantum 

dots, QDs, which had significant toxicity. This shifted the research towards heavy-metal 

free and even metal-free quantum dots. At that point, CDs offered several advantages, 

including lack of metals, better safety profile so far, and the possibility of two-photon 

excitation which is very attractive for bioimaging (Yang et al., 2009). In 2012, a good 
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example of fluorescence contrast by using CDs was obtained at an excitation of 595 nm 

(Tao et al., 2011). 

CQD-based fluorescent nucleic acid detection detecting and imaging of 

mitochondrial H2O2 and fluorescence resonance energy transfer, FRET, based detections 

are a few examples of different uses of CDs in medicine (Li et al., 2011; Du et al., 2013).  

Luminescent nanoparticles with large surface area started a new era where scientists 

can combine imaging and therapy. The use of drug loaded luminescent nanoparticles 

allows visualization of the nanoparticle and drug distribution and allows monitoring of 

drugs’ effects during therapy (Wang & Hu, 2014). There are few examples of such 

theranostic nanoparticles based on CDs. For example, conjugation of anticancer drug, 

oxaliplatin, (oxa (IV)-COOH) to the surface amine groups of CDs, increased the 

luminescent properties of the CD, improved the biocompatibility and efficacy of the drug 

(Correa-Baena et al., 2017). The strong bioimaging function and anticancer effects 

opened a path to personalized medicine where the dose and administration time of the 

drug may be customized (Zheng et al., 2014). 

 

Table 1.2. The list of common CDs used in PDT and PTT applications (Sharma & 

Das, 2019). 

 

  

 Nanoparticles may act as a therapeutic agent as well. Magnetic hyperthermia via 

superparamagnetic iron oxide nanoparticles, SPION, and phototherapies via SPIONs, 

QDs or metallic nanoparticles such as gold are relatively new and popular in recent years 

(Yetisgin et al., 2020). There are only a few reports on CD-based photodynamic therapy, 

PDT, and photothermal therapy, PTT. Ge et al. tried PTT with red-emitting CDs on HeLa 

cells, but cytotoxicity was a problem (Ge et al., 2015). Li et al. developed CDs from very 

common reagents, citric acid and urea, and managed to get high PTT efficiency (Li et al., 

2016). 
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1.2.4 Photodynamic and Photothermal Therapy 

 There have been many deadly diseases in human history, but some of them are 

already forgotten with the help of science and technology. However, cancer is not one of 

them since its therapy has never been an easy task due to the complexity of the disease. 

Every patient experiences this disease in a unique way, which makes the solution 

complicated in most cases. Therefore, there have been many new drugs, and combination 

of different therapies such as nuclear medicine, immune therapy, etc. in addition to 

surgery and chemotherapy. Phototherapy is a relatively new therapeutic modality based 

on the light-initiated killing of cancer cells. 

 

Figure 1.15. Schematic illustration of phototherapy methods (Tang et al., 2017). 

 

 Photodynamic therapy, PDT, and photothermal therapy, PTT, are two main 

classes of light-initiated therapeutical applications. In PDT, specialized molecules called 

a photosensitizer, PS, is activated by light at a specific wavelength which triggers a series 

of photochemical reactions (Figure 1.16). 

 

 

Figure 1.16. Schematic illustration of processes in photodynamic therapy (Shibu et 

al., 2013). 
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 When light activates the PS, it will be excited to singlet energy state, S1, and then 

converted to triplet energy state, T1, via inter system crossing. A relatively longer lifetime 

of the T1 state provides enough time for the activated PS molecule to react with its 

surroundings, and generally, there are two different pathways for this: Type I and Type 

II. In the Type I mechanism, electrons are transferred from excited PS to the substrate but 

in the Type II mechanism, energy transfer happens between excited PS and ground-state 

molecular oxygen 3O2. From this interaction, reactive oxygen species, ROS, as 1O2 form, 

and their extremely short lifetime causes a quick reaction of ROS with biomolecules in 

the tumor cells. The critical point is the localization of PS at the tumor to get maximum 

efficiency and successful tumor damage through PDT (Shibu et al., 2013).  

  

 

 

Figure 1.17. Schematic illustration of possible processes after the incident beam 

(Jaque et al., 2014). 

 

In PTT, absorbed energy by light irradiation of the PS is released as heat during 

relaxation to the ground state. Figure 1.16 shows other forms to release this energy as 

fluorescence, phosphorescence, and intersystem crossing as in PDT. This non-radiative 

relaxation-based heat causes hyperthermia (41-47°C) as seen in Figure 1.18 and vital 

functions of cells collapse due to denaturation of proteins and disruption of the cell 

membrane (Jaque et al., 2014).  
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The common method to apply light for cancer therapy is using lasers at specific 

wavelengths for the PSs. Laser is localized at the site of interest containing PSs to provide 

high local therapy. The wavelength of light usually varies between UV, red and NIR, with 

increasing safety and penetration depth in the clinic (Shibu et al., 2013).  

One limitation of PTT is the necessity for high power and necrotic cell death which 

is preferred less by the doctors (Zhang et al., 2018). PDT, in general, may be conducted 

at lower irradiation powers and usually triggers apoptotic cell death (Kessel & Oleinick, 

2018). 

Most PSs used in PDT are organic molecules (Lan et al., 2019) such as porphyrin, 

phthalocyanine, indocyanine and BODIPY, while some of them offer both PDT and PTT, 

such as indocyanine green, ICG. In the case of PTT, mostly inorganic nanoparticles such 

as gold, silver, quantum dots such as Ag2S, SPIONs, etc. are used for sufficient light to 

heat conversion (Han & Choi, 2021). Of course, nanoparticles may absorb or scatter the 

incident light and may some luminesce while releasing the absorbed energy as heat (Jaque 

et al., 2014). Therefore, the best particle design for photothermal therapy is suggested as 

having a high absorption coefficient and low quantum yield. Consequently, the light to 

heat conversion efficiency is the key in PTT, whereas in PDT the amount of ROS 

produced is the key for quality.  

  

 

Figure 1.18. Schematic illustration of operating temperatures and their results 

(Jaque et al. 2014).  
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1.2.5 SPIONs in Photothermal Therapy 

Carbon-based nanoparticles are not the only materials that can be used in biomedical 

applications. Superparamagnetic iron oxides, SPIONs, are also highly popular in many 

applications including magnetic resonance imaging, MRI (Harisinghani et al., 2003), drug 

delivery (Hayashi et al., 2013), magnetic hyperthermia (Alexiou et al., 2000) however 

have been not known as photothermal agents, PA, for a long time. In 2014, researchers 

have reported for the first time the photothermal potential of magnetic iron oxide 

nanoparticles with NIR laser irradiation. The drawback of using iron oxide nanoparticles 

is the high irradiation requirement to achieve sufficient temperature increase which may 

be dangerous for healthy tissues (Estelrich & Busquets, 2018). 

 

 

Figure 1.19. a) UV-Visible spectra and b) measured temperature increase after 1-3 

min of laser irradiation of aqueous SPIONs with and without the cluster (Shen et al., 

2015). 

 

 Shen et al. claimed that clustered iron oxide nanoparticles increase PTT efficiency 

(Shen et al., 2015). They reached to a higher temperature in a shorter NIR irradiation time 

and with a lower concentration. 

Another method to improve the efficiency of iron oxide nanoparticles as 

photothermal agents is to encapsulate them. Several works are using different coating 

materials such as polyethyleneimine, PEI, poly(acrylic acid), PAA. The advantage of PEI 

coating on SPION was reported as better ability to interact with negatively charged DNA 

due to the cationic character of PEI and that reinforces the death of tumor cells (Steitz et 

al., 2007; Lungwitz et al., 2005). In 2018, our research group also published an article 
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and pointed that better stability and lower toxicity can be provided by PAA coating 

SPIONs (Bilici et al., 2018). 

1.2.6 BODIPY in Photodynamic Therapy 

Typically, the PDT area is dominated by organic photosensitizers (Figure 1.20). Most 

of such PSs have significant hydrophobic interactions causing aggregation which reduces 

solubility, photoactivity and biodistribution. Besides, most of them have very low 

bioavailability, lack tumor selectivity, and pose significant dark toxicity (Escudero et al., 

2021). 

.  

Figure 1.20. Examples of commonly used PSs (Mehraban & Freeman, 2015). 
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BODIPY dyes have emerged as a new class of PS in the past decade (Kamkaew et 

al., 2013). It represents a whole class of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene core-

based structures. They have high luminescence efficiency and that causes excited 

electrons to choose intersystem crossing transitions poorly. Therefore, the number of 

electrons reach to the triplet state may be too low to produce enough singlet oxygen and 

that will end up in the low level of ROS production (Escudero et al., 2021). Fortunately, 

researchers overcame this limitation by adding substituents such as bromine to the 

BODIPY core at the very beginning of the 2000s (Atilgan et al., 2006). And absorption 

maxima were reported as 625 nm and 660 nm for these brominated systems. In general, 

BODIPY is accepted as a successful PS with some disadvantages such as dark toxicity, 

toxicity to healthy cells and low tumor selectivity (Karaman et al., 2019). 

However, at least part of the drawbacks can be solved by using a nanoparticle-based 

PS delivery system in PDT. In 2014, Ertem et al. claimed that BODIPY functionalized 

SPIONs have a potential for diagnosis and therapy, but the preliminary study did not 

include any cell studies for PDT (Ertem et al., 2014). 

1.3 The Proposal and the Aim of the Thesis Work 

The main motivation behind the development of luminescent CDs is to adapt them 

into numerous applications since they are metal-free and potentially have high 

biocompatibility and low toxicity.  However, unlike chalcogenides, the color tunning of 

CDs is not straightforward. Literature suggests heteroatom doping to alter the emission 

color of CDs. For example, N-doping is suggested to promote red-shift in the emission 

wavelength of CDs. Despite the fact that most CDs are emitting blue, red CDs and NIR 

CDs are highly desired for many applications since they hold the advantage of deeper 

penetration depth in biological applications and less luminescence overlapping in fuel 

applications. Small organic precursors are usually preferred during the hydrothermal 

synthesis of CDs. Even though there is some literature on the production of NIR and red 

QDs as well as a portfolio of colorful CDs with emissions from blue to green, yellow, 

orange and red, most of them are either non-reproducible or indeed produce all of the 

CDs in one pot and then subject that to post-synthetic fractionation. 

One of the goals of this thesis is to investigate major factors, specifically the aromatic 

nature of the precursor, N-, O-,  P- doping and solvent (polarity and reducing power), on 
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the production of CDs with different emission colors without any post-synthetic 

fractionation process.  

As described in previous sections, authenticating petroleum products is an important 

and challenging task. The primary application of CDs in this thesis is the fluorescent 

tagging of petroleum products with CDs. This requires strong emission, especially at long 

wavelengths, colloidal and luminescent stability of CDs in petroleum products for at least 

1 month. Also, post-synthetic surface treatments with oleylamine to enhance the 

dispersibility of CDs in hydrophobic petroleum products and enhance the luminescence 

intensity of CDs is suggested and studied in this thesis. For gasoline and diesel 

hydrophobic CDs, for AdBlue, aqueous CDs were prepared.  

In the second part of this thesis work, photosensitizer loaded SPIONs for enhanced 

PDT is discussed to kill tumor cells. A derivative of BODIPY was used as a sensitizer 

that lacks tumor specificity and suffers from instability. In this thesis work, the hypothesis 

behind combining BODIPY photosensitizer with PAA coated SPION was to enhance the 

stability of the BODIPY and its tumor accumulation by delivering it specifically to tumor 

cells by attaching an antibody to nanoparticles specific to tumor cells, i.e. to EGFR. 

Lastly, the PDT and PTT potential of aqueous red-emitting CD are investigated to 

evaluate the potential and blaze a trail for the CDs produced here to take part in 

phototherapy. 
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Chapter 2: DEVELOPMENT OF CARBON NANOPARTICLES 

2.1 Introduction 

Carbon nanoparticles have several features that make them in demand; easy to 

manufacture, low-cost synthesis and open to tailor of optical properties. Among the 

nanoparticles, carbon-based ones have been known with excitation dependent emission 

characteristics. Alteration in emission with the change of excitation wavelength offers a 

genuine feature to use in applications. However, not all carbon dots have to show 

excitation dependent emission trends sometimes optical properties may depend on 

environmental parameters such as pH or having a coating. Nevertheless, their 

photoluminescence is the focus in terms of applications and literature there are many 

examples of carbon dots with different colors and high QY (Chahal et al., 2020; Xie et 

al., 2021), yet still, there is a lack of reproducible, stable, and strongly emitting CDs, 

especially red-emissive CDs.  

2.2 Experimental 

2.2.1 Materials 

Pyrene (98%), nitric acid (65%), xylene (isomeric mixture), dimethylformamide, 

melamine, o-phenylenediamine, p-phenylenediamine, branched polyethyleneimine (Mw 

2 kDa) were purchased from Sigma (Missouri, U.S.). Sulfuric acid (35%), maleic acid 

and phosphoric acid were obtained from Merck (Darmstadt, Germany). Pure water (18.2 

mΩ, RephiLe Bioscience and Technology, Shanghai, China) was used.  

2.2.2 CDs Synthesis 

One of the precursors 1,3,6-trinitropyrene (TNP) was not purchased, it was 

synthesized from pyrene. To do that, pyrene (1.0 g) was dissolved in the prepared acid 

mixture (75 mL nitric acid (65%) and 25 mL sulfuric acid (30%)) and placed into a 250 

mL two neck round bottom flask. The solution was heated to 80°C in an oil bath for 24 

hours. After cooling down to room temperature, it was diluted with DI water and filtered 
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by using a vacuum filtration setup. Eventually, the acid-free yellow colored powder was 

obtained after drying at 50°C for 2 days.  

 

Table 2.1. Set of synthesis experiments for CDs. 

Title of 

CD 

Source Method Temperature Time Medium 

F10X5 TNP Hydrothermal 180°C 16 h. Xylene 

F10H5 TNP Hydrothermal 180°C 16 h. H2O 

CD01 TNP, Melamine Solid-state 180°C 12 h. Xylene* 

CD01 TNP, Melamine Solid state 180°C 12 h. DMF* 

CD45 TNP, bPEI (2 kDa) Hydrothermal 220°C 10 h. H2O 

CD46 TNP, bPEI (2 kDa) Hydrothermal 220°C 10 h. Xylene 

CD33 Melamine, pPDA Hydrothermal 200°C 8 h. DMF 

CD43 pPDA Hydrothermal 200°C 4 h. DMF 

CD44 oPDA Hydrothermal 200°C 4 h. DMF 

CD07 pPDA Hydrothermal 180°C 24 h. H2O, 

H3PO4 

CD24 bPEI (2 kDa), 

Maleic acid 

Hydrothermal 180°C 10 h. H2O 

*Final product was dissolved in defined solvent after solid-state synthesis. 

 

 The common method for hydrothermal synthesis is as follows: firstly, required 

precursors were dissolved in solvent (aqueous or organic) and then the suspension was 

transferred into a Teflon-lined autoclave (45 mL) and placed into the oven according to 

temperature and time recipe in Table 2.1. Obtaining suspensions were filtered 0.22 µm 

microporous membrane to remove large size clusters and washed with cold EtOH or 

acetone in a centrifuge tube to remove impurities. The precipitate was the final product. 

 For CD07, the purification method was a pH-dependent procedure and after the 

hydrothermal product was filtered using 0.22 µm microporous membrane, the solution 

was neutralized with 0.1 M NaOH. Afterwards, this suspension was precipitated in the 

centrifugal tube (5000 rpm, 25 min). The precipitate was washed off with cold EtOH and 
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distilled water respectively to remove by-products. The final carbon dot was produced by 

dissolving the precipitate in 0.1 M HCl. 

2.2.3 Characterization 

UV-Visible spectra were obtained by using a Shimadzu UV-Vis-NIR spectrometer 

in the 300-1000 nm (altering range among particles). Photoluminescence spectra were 

measured by using four different instruments as follows: HORIBA Fluoromax, HORIBA 

FluoroLog-3, Edinburgh Instruments FLS1000 Spectrometer and Agilent Cary Eclipse 

PL. Quantum yield and lifetime measurements were performed on only HORIBA 

Fluoromax and Edinburgh Instruments FLS1000 Spectrometer. Hydrodynamic size 

measurements were completed by using a Malvern Zetasizer Nano ZS. Particle 

crystallinity was monitored with a transmission electron microscope (JEOL JEM-

ARM200CFEG UHR-TEM) and X-Ray diffraction analysis (BRUKER D8 ADVANCE 

X-ray Diffractometer). Fourier Transform Infrared Spectra was recorded with Thermo 

Scientific iS10 FT-IR for complementary chemical analysis. Elemental analysis of 

samples was performed using a Thermo K-alpha X-ray photoelectron spectrometer. 

2.3 Results and Discussion 

From the literature, using aromatic structure precursor and the organic solvent is 

known as the best recipe to synthesize red-emitting carbon dots since aromatic structure 

generates large sp2 domains in other words better carbonization and accordingly lower 

the energy bandgaps which are favorable for red emission at longer wavelengths. 

Additionally, nitrogen, oxygen, phosphorus, and sulfur doping increase the redshift by 

introducing new energy bandgaps (Zhang et al., 2017). Therefore, the first aim was to 

fabricate red CDs in both organic and aqueous media. TNP in Figure 2.1 was used as a 

starting material which is very popular to obtain a red carbon dot in an organic solvent. 

 

Figure 2.1. Synthetic route for red CD in an organic solvent. 
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And to understand the solvatochromic feature of it, the following mediums were 

tested to synthesize carbon dot from TNP structure via hydrothermal method; distilled 

water, DMF, xylene and addition of melamine in DMF as seen in Figure 2.2. 

 

Figure 2.2. PL spectra of TNP based CDs in different solvents. 

 

And results in Figure 2.2 show that TNP in xylene was the most promising particle 

which is already in the market by Quantag since it is near red-emitting CD. After 

confirming that xylene is the best environment for TNP, an improvement plan was made 

for this CD. Since literature shows conjugated structures increase the carbonization and 

nitrogen doping promotes the redshift, melamine was chosen as the second precursor with 

its nitrogen-rich and benzene-like ring structure.  

 

 

Figure 2.3. Chemical structure of melamine compound (Wikipedia, 2021). 

 

 And not only xylene but also DMF was set as experimental media to see the 

solvent effect on CDs. As the final control experiment, melamine was kept but TNP was 
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replaced with another popular structure in red carbon dots; para-phenylenediamine, 

pPDA (Jiang et al., 2015; Lin et al., 2017). Also literature recipe was repeated for a more 

comprehensive comparison and oPDA in DMF (CD44) turned out green-emitting particle 

as reported while pPDA in DMF (CD43) is not red but orange. 

 

 

 

Figure 2.4. a) UV-Visible b) PL spectra of oPDA in DMF and c) UV-Visible d) PL 

spectra of pPDA in DMF 
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Figure 2.5. UV-Visible and PL spectra of a) CD01X, b) CD01D and c) CD33. 

 

 The main lack of red CDs is to fabricate them in aqueous solution since the high 

polarity of water and poor dispersibility of conjugated precursors discourage producing 

conjugated PL centers which are responsible for promoting red luminescence. Hence, 

aqueous CDs have generally blue emission and low intensity. However, in literature there 

are several studies show that acid treatment can improve the carbonization degree and 

domain size of CDs (Ding et al., 2018). Another work had strong evidence to show the 

effect of pPDA and acid treatment combination on red-emitting CD fabrication (Chen et 

al., 2017). It is also known that different acid structures may cause different color 

emissions. For instance, malic acid was reported as green CD when it is combined with 

bPEI (Zhang et al., 2015). Considering literature for aqueous CD fabrication, the set of 

CD07 and CD24 experiments were planned as seen in Table 2.1.  
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Figure 2.6. UV-Visible and PL spectra of a) CD07 and b) CD24. 

 

 In terms of acidity, it is well-known to increase redshift and PL results of CD07 

confirmed this phenomenon. This is highly valuable since pPDA is already given red CDs 

in an organic solvent but successfully fabricating red CDs in aqueous form is another 

story. In literature, there was a study that used pPDA and different acid mixtures in 

aqueous media but there was not an example of using them in fuel or biological 

applications (Chen et al., 2017). In the case of CD24, maleic acid could not over the 

dominance of bPEI and it ended with cyan color under UV light which is closer to blue 

not green. The color of bPEI itself gives blue color emitting nanoparticles therefore, it is 

important to point that acid treatment is not always sufficient by itself but with forceful 

precursor choices, it would not only act as pH regulator but also may conjugate the final 

structure. 

Furthermore, to understand the effect of changes on designed experiments, some 

literature recipes were also refabricated, and these are TNP in xylene (F10X5) and TNP 

in H2O (F10H5) and TNP + bPEI in H2O (CD45) in Table 2.1. 
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Figure 2.7. a) UV-Visible b) PL spectra of TNP in xylene (F10X5), c) UV-Visible d) 

PL spectra of TNP in H2O (F10H5) and e) UV-Visible f) PL spectra of TNP + bPEI in 

H2O (CD45). 

 

TNP in xylene has approximately 600 nm emission with a reddish-orange color 

(Figure 2.9a). When melamine is added to this formula if xylene is a media emitting color 

shifts to 522 nm and absorption peak at 550 nm will disappear (Figure 2.6a). If the solvent 

is DMF, the emission bandwidth gets narrow (Figure 2.6b). These two phenomena are 

both compatible with emission shifts and the absorbance data since the reddish-orange 

emitting color turns yellow with xylene and green with DMF. Eventually, melamine 

addition improved the solvatochromic feature of well-known CD recipe and yellow and 

green color luminescent particles were observed. 
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Table 2.2. The table of hydrodynamic size and zeta potential for designed CDs. 

Title 

of CD 

Medium Size 

by number (nm) 

Size 

by intensity (nm) 

Zeta (mV) PDI 

CD01 Xylene 6.522 (±2.169) 28.13 (±20.17) --- 0.309 

CD01 DMF 6.092 (±1.799) 275.0 (±174.0) --- 0.406 

CD33 DMF 232.1 (±56.58) 259.2 (±57.57) --- 0.602 

CD07 H2O 59.46 (±17.83) 115.5 (±48.36) 31.2 (±1.19) 0.526 

CD24 H2O 292.4 (±108.4) 393.1 (±138.5) 31.8 (±2.20) 0.772 

 

 After initial optical experiments were performed, CD01 in xylene and CD07 in 

H2O were chosen as the best candidates for further applications. Specifically, DMF was 

not miscible with diesel and organic CD should be miscible with both gasoline and diesel 

therefore CD01 in DMF and CD33 could not fit into this. On the other hand, in terms of 

aqueous CDs, CD24 was not completely useless but CD07 with reddish color has strong 

advantages in biological applications and that was the reason for choosing it. 

Furthermore, in the next chapter CD24 will be shown also in the usage of barcode 

experiments and tagging AdBlue.  

The particle size of CDs was ranging from 6 to 400 nm and higher than 100 nm 

would not be nanoparticle anymore. Hence, chosen two CDs were; CD01 in xylene with 

6.522 nm size by number and CD07 in H2O with 59.46 nm as seen in Table 2.2. 



35 

Chapter 2: Development of Carbon Nanoparticles 

 

 

Figure 2.8. FTIR results of a) CD01 b) CD07, XRD spectra of c) CD01 d) CD07 

and TEM images of e) CD01 f) CD07 

 

 The structures of the best two carbon dots CD01 (organic), CD07 (aqueous) were 

characterized by FTIR, XRD and TEM instruments. Figure 2.8. FTIR results of a) CD01 

b) CD07, XRD spectra of c) CD01 d) CD07 and TEM images of e) CD01 f) CD07a shows 

the FTIR spectra of CD01 which shows bands centered at 1193 cm-1, 1341 cm-1, 1433 

cm-1, 1521 cm-1, 3122 cm-1, 3325 cm-1, 3416 cm-1 and 3468 cm-1. The bands centered at 

3416 cm-1 is assigned to stretching vibrations of O-H, at 3468 cm-1 is N-H (primary 

amine), and at 3325 cm-1 is N-H (secondary amine). The bands at 1193 cm-1, 1341 cm-1, 

1433 cm-1, 1521 cm-1 correspond to the vibrations of C-N, C-H, O-H and N-O 

respectively. These results indicated that nitro and amine groups from precursors 

contributed to both surface groups and graphitic structures of CD01. In Figure 2.8.b, the 

bands centered at 1473 cm-1, 1509 cm-1, 1617 cm-1, 2360 cm-1, 2848 cm-1 and 2917 cm-1 

correspond to the vibrations of C-H, N-O, C=C, CO2 and C-H which confirmed amine 

groups from phenylenediamine and hydroxy groups phosphoric acid involved the 

structure of CDs.   

In XRD results, the peak at 2θ~20°-25° corresponds to graphitic carbon with (002) 

diffraction planes which are by the characteristic structure of inter-layer packing (Shang 

et al., 2018). TEM images show that CD01 has an amorphous structure and CD07 has a 
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polycrystalline structure with an 8.7 nm diameter cluster of 1-2 nm diameter crystals, 3.8 

nm diameter isolated crystals in Figure 2.10. 

 

Figure 2.9. XPS results of CD01 for a) C1s c) N1s e) O1s and CD07 for b) C1s d) 

N1s f) O1s g) P2p 

 

 Figure 2.11 shows the elemental analysis of CD01 and CD07. According to XPS 

results, C1s spectrum of CD01 displays four distinct peaks at 283.49 eV (C=C), 284.5 eV 
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(C-C), 286.24 eV (C-N) and 287.02 eV (C-O, C=O, CNO), N1s spectrum of CD01 have 

four peaks at 396.81 eV, 397.55 eV (pyridinic N), 399.49 eV (C-N-C) and 404.5 eV 

(NO2), O1s spectrum reveals four peaks at 529.71 eV, 531.35 eV (C=O), 532.63 eV (C-

OH/C-O-C) and 534.75 eV (NO2). These are compatible with FTIR results which show 

nitro and amine groups involve in the surface and graphitic structures of CD01. In C1s 

spectrum of CD07, there are four distinct peaks at 283.29 eV (C=C), 284.5 eV (C-C), 

286.49 eV (C-N) and 288.18 eV (C-O, C=O, CNO), N1s spectrum of CD01 have four 

peaks at 397.92 eV (pyridinic N), 399.42 eV (C-N-C), 401.24 eV (pyrrolic N) and 403.94 

eV (NO2), O1s spectrum reveals three peaks at 529.71 eV, 531.46 eV (C=O) and 533.55 

eV (C-OH/C-O-C), P2p spectrum shows single peak at 132.03 with 0.09%. Although the 

percentage of P is low in elemental level, still it provides evidence for involving 

phosphoric acid in the structure of CD07 besides arranging the acidity of the medium.  

  

Table 2.3. Quantum yield results of designed CDs. 

Title of CD Medium Quantum 

Yield (%) 

Excitation 

(nm) 

Scanning Range 

(nm) 

CD01 Xylene 19.3 460 470-800 

CD01 DMF 38.5 460 470-700 

CD33 DMF 11.03 520 530-680 

CD07 H2O 3.11 526 570-800 

CD24 H2O 1.19 300 400-550 

 

 Quantum yield experiments were performed at the corresponding excitation 

wavelength, which gives the highest CDs emission. According to results, maximum QY 

belongs to CD01 in DMF but CD01 in xylene has still quite high QY. And relatively low 

QY of CD07 may have a sign for the photothermal potential of this particle since energy 

is not released as light, it would be released as heat. 
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Figure 2.10. Weekly PL stability results of a) CD01 in DMF b) CD01 in xylene  

c) CD33 d) CD07 e) CD24 

 

 In many applications, stability is one of the major drawbacks and more stable 

particles are always required. In Figure 2.12, CD01 in DMF and xylene reached their 

plato in week 12 but interestingly PL intensity of CD01 in xylene (CD01X) increases 

while CD01 in DMF decreases. CD33 and CD07 reach their plato in week 9 and CD24 

have close to it in week 6.  

2.4 Conclusion 

The possible ways to obtain red CDs or near-infrared emissive CDs are listed in 

general as 1) heteroatom effect like nitrogen doping 2) right precursor and solvent 

selection 3) increase in the acidity of aqueous solutions. Regarding rCDs, N-rich 

precursors or solvent choices did not help redshift and partially excitation dependent and 

photostable particles were produced. The highest QY achieved was 38.5% which belongs 

to CD01 in DMF. It provides strong evidence that DMF is not just a solvent but also 

involved in the reaction. The highest PL intensity was achieved by CD01 in xylene and 

its intensity kept increasing until week 12. Most importantly, difficult task of aqueous 

rCD synthesis was achieved. This was a major step to investigate the CDs in 

phototherapeutic applications.
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Chapter 3: 

INVESTIGATION OF CARBON NANOPARTICLES AS TAGGING 

MATERIAL FOR FUEL APPLICATIONS 

3.1 Introduction 

Working in nanosize is a great tool to create easily dispersible nanoparticles in 

organic and aqueous solvents. With one of the bottom-up methods, hydrothermal 

synthesis makes it possible to fabricate hydrophilic and hydrophobic nanoparticles. This 

development is significantly important for the oil industry since the usage of nano-

additives in engine systems increases gradually. There are several purposes to use them 

such as reducing the friction and wear, marking fuel oils, etc. (Shang et al., 2018).  

In this chapter, nitrogen-rich carbon dot, CD01 and its derivatives will be shown as 

colloidally stable and strong particles at least for three months. Concerning these features, 

the potential of them as tagging material in fuel oils (gasoline, diesel) and AdBlue will be 

discussed.  

3.2 Experimental 

3.2.1 Materials 

Oleylamine (OA) was purchased from Sigma (Missouri, U.S.). And gasoline, 

diesel and AdBlue were provided by Quantag. 

3.2.2 Synthesis 

CDs in this chapter were synthesized according to the given recipe in Table 2.1. 

The derivatives of CD01 were obtained as follows; CD01OAX was obtained by addition 

of 750 µL of OA to 1 mg prefabricated CD01 and dissolved them in 2 mL xylene. For 

CD01AOAX, firstly CD01 was annealed under air with 200°C, 1 h. And then 750 µL of 

OA was added into 1 mg of obtained powder and dissolved in 2 mL xylene. Similarly, 

for CD01AArOAX, firstly CD01 was annealed under argon with 200°C, 1 h. And then 

750 µL of OA was added into 1 mg of obtained powder and dissolved in 2 mL xylene. 
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3.2.3 Characterization 

UV-Visible spectra were obtained by using a Shimadzu UV-Vis-NIR spectrometer 

in the 300-1000 nm (altering range among particles). Photoluminescence spectra were 

measured by using four different instruments as follows: HORIBA Fluoromax, HORIBA 

FluoroLog-3, Edinburgh Instruments FLS1000 Spectrometer and Agilent Cary Eclipse 

PL. Quantum yield and lifetime measurements were performed on only HORIBA 

Fluoromax and Edinburgh Instruments FLS1000 Spectrometer. Hydrodynamic size 

measurements were completed by using a Malvern Zetasizer Nano ZS. Particle 

crystallinity was monitored with a transmission electron microscope (JEOL JEM-

ARM200CFEG UHR-TEM) and X-Ray diffraction analysis (BRUKER D8 ADVANCE 

X-ray Diffractometer). Fourier Transform Infrared Spectra was recorded with Thermo 

Scientific iS10 FT-IR for complementary chemical analysis. Elemental analysis of 

samples was performed using a Thermo K-alpha X-ray photoelectron spectrometer. 

3.3 Results and Discussion 

3.3.1 CDs in Gasoline and Diesel 

In Chapter 2, CD33 was mentioned as a not ideal choice for fuel applications since 

it is immiscible with diesel. However, it is still important to demonstrate how different 

CDs act as tagging material. In Figure 3.1, excitation independent CD33 is shown in 

gasoline in terms of PL intensity and ∆PL was 46.15% at 510 nm excitation wavelength. 

The reason to choose 510 or 520 nm is this wavelength is the longest wavelength which 

CDs have still strong luminescence intensity, but gasoline gets weaker. Therefore, these 

wavelengths are ideal to eliminate to luminescence overlap between gasoline and CD and 

define ∆PL. Although 46.15% ∆PL was quite high, CD33 was not colloidally stable in 

gasoline, there were some precipitates after a month. 
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Figure 3.1. a) UV-Visible and PL spectra b) excitation dependent emission spectra of 

CD33 c) PL intensity comparison of CD33 and gasoline at 510 nm excitation. 

 

 Since gasoline and diesel are luminescent particles themselves, it is hard to escape 

their emission range. If near-infrared (NIR) nanoparticles are made, it would be an ideal 

scenario but to produce NIR-CDs have not been successfully managed so far. The second 

way is to compare PL intensities between the nanoparticle and fuel oil. By using ∆PL 

information, CDs may serve as fuel tagging material. In Figure 3.2, it is shown that 

CD01X have a highly wide range of luminescence and despite some overlapping with 

gasoline, there is 61.90% ∆PL at 510 nm excitation wavelength. And it is colloidally 

stable until week 25 in gasoline and diesel mediums but luminescence in the range of 

550-650 nm increases in time because of the time-dependent PL increase feature of 

CD01X as seen in Figure 3.3.  
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Figure 3.2. a) UV-Visible and PL spectra of CD01X, excitation dependent emission 

spectra of b) CD01X c) gasoline, d) PL emission comparison of CD01X and gasoline at 

510 nm excitation. 

 

 

Figure 3.3. PL stability spectra of CD01X in a) gasoline b) diesel. 

 

 Since CD01 is a bare core nanoparticle, it has many surface functional groups and 

they play a role to disperse CD in both polar and nonpolar mediums. There was a study 

to show that adding Oleylamine to hydrophilic CDs and making them hydrophobic 

increases the dispersibility in synthetic base oils (Shang et al., 2018).  
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 Oleylamine addition had no dramatic effect on dispersion in xylene, but it causes 

to emission maxima shift from 580 nm (CD01X) to 630 nm. This redshift is a big 

advantage for marker purposes since higher wavelength maxima reduce the overlapping 

area in the PL curve. Despite that dispersion in xylene has not changed significantly, 

gasoline dispersibility has increased. In gasoline 630 nm could not be preserved and 

emission maxima shifted to 605 nm. The reason for this shift in gasoline would be the 

solvatochromic effect of CDs due to bare core structures and since the excess medium 

was not xylene anymore, gasoline affects more strongly. However, when benchmark 

(F10X5) is compared in gasoline, it gives lower wavelength emission (595 nm) with 

higher excitation wavelength (525 nm) and that is not a favorable relationship. Therefore, 

CD01OAX has a still significant advantage over F10X5 in gasoline with 92.7% ∆PL at 

520 nm excitation wavelength as seen in Figure 3.4.  

 

 

 

Figure 3.4. a) UV-Visible and PL spectra b) excitation dependent emission spectra of 

CD01OAX, c) PL emission comparison of CD01OAX with gasoline at 520 nm 

excitation and d) same comparison of the benchmark with gasoline at 525 nm 

excitation. 
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 Another advantage of CD01OAX over the benchmark is that CD01OAX is 

working strongly better in diesel. Figure 3.5 shows that the benchmark has 37.5 % ∆PL 

at 525 nm excitation wavelength while CD01OAX has 61.5 %. 

 

 

Figure 3.5. PL emission comparison of CD01OAX and benchmark in diesel. 

 

The drawback of CD01OAX is stability in gasoline. Even though PL intensity keeps 

increasing in nine weeks, when it is put in gasoline, PL luminescence reduced 50% after 

nine weeks as seen in Figure 3.6. 

 

 

Figure 3.6. PL stability results of a) CD01OAX and b) in gasoline. 
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 Annealing is a method for increasing carbonization and making the nanoparticles 

more colloidally stable. Scientists claim that with an increase of carbonization, electron 

transfer will have less loss, concerning that luminescence will increase (Lee et al., 2021). 

 Annealing under air with 200°C for an hour had a dramatic effect on luminescence 

in xylene; CD01AOAX. At day zero, 630 nm emission of CD01OAX shifts to 747 nm 

which is near-infrared region and gasoline has almost zero luminescence at that region. 

However, this shift was not stable, and it went back to 633 nm after a month. Since it 

shifted to 633 nm, it gave only 609 nm emission at 520 nm excitation when put 

CD01AOAX into gasoline. And Figure 3.7 shows that 75.0% ∆PL at 520 nm excitation 

wavelength which was lower than CD01OAX. 

 

 

 

Figure 3.7. a) UV-Visible and PL spectra b) excitation dependent PL emission spectra at 

day zero of CD01AOAX, c) PL emission of CD01AOAX after a month d) PL emission 

comparison with gasoline at 520 nm excitation of CD01AOAX. 
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Figure 3.8. FTIR results of before annealing (red), after annealing under air (black) 

and after annealing under Argon (red). 

 

 To be sure that it is not because of oxygen presence in the annealing procedure, 

annealing under argon atmosphere was tried but as Figure 3.10 shows, CD01AArOAX 

had quite similar PL trends to CD01X and the whole NIR region advantage of 

CD01AOAX was disappeared. In addition to that, in Figure 3.10, the annealed form 

without Oleylamine addition was used directly in xylene, CD01AX, and was not 

successful like CD01AArOAX. These results proved that the redshift effect comes from 

OA addition and annealing is not necessary. 

Figure 3.8 shows the FTIR spectra of solid-state synthesized reagent of CD01, 

TNPM-SS, and its derivatives by annealing under air, TNPM-SS-Annealed, and argon, 

TNPM-SS-Annealed (@Argon), at 200°C for an hour. There are bands centered at 1340 

cm-1, 1434 cm-1, 1517 cm-1 that correspond to the vibrations of C-H, O-H and N-O 

respectively. Annealing does not significant effect on N-O stretching but O-H stretching 

increases under air. As an opposite, 1434 cm-1 (O-H) stretching decreases under the argon 

atmosphere. Both annealing procedures show a similar trend for C-H stretching which 

may be related to the promotion of carbonization. 
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Figure 3.9. XPS results of TNP for a) C1s b) N1s c) O1s, CD01 for d) C1s e) N1s f) 

O1s, CD01OAX for g) C1s h) N1s i) O1s, CD01AOAX for j) C1s k) N1s l) O1s, 

CD01AArOAX for m) C1s n) N1s o) O1s 
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 Figure 3.9 shows the elemental analysis for TNP, CD01, CD01OAX, 

CD01AOAX and CD01AArOAX. According to XPS results, C1s spectrum of TNP 

displays four distinct peaks at 283.59 eV (C=C), 284.5 eV (C-C), 285.04 eV (C-N) and 

287.53 eV (C-O, C=O, CNO), N1s spectrum of CD01 have four peaks at 397.81 eV 

(pyridinic N), 399.16 eV (C-N-C), 400.87 eV (graphitic?) and 404.5 eV (NO2), O1s 

spectrum reveals four peaks at 529.52 eV, 531.57 eV (C-O), 532.93 eV (C=C) and 534.13 

eV (NO2). C1s spectrum of CD01 displays four distinct peaks at 283.49 eV (C=C), 284.5 

eV (C-C), 286.24 eV (C-N) and 287.02 eV (C-O, C=O, CNO), N1s spectrum of CD01 

have four peaks at 396.81 eV, 397.55 eV (pyridinic N), 399.49 eV (C-N-C) and 404.5 eV 

(NO2), O1s spectrum reveals four peaks at 529.71 eV, 531.35 eV (C=O), 532.63 eV (C-

OH/C-O-C) and 534.75 eV (NO2). The CD01 is a solid-state synthesis product of TNP 

and melamine. In C1s of CD01, the two distinct peaks at 285.04 eV (C-N) and 287.53 eV 

(C-O, C=O, CNO) increase compared to TNP which proves to introduce melamine to 

CD01. Another significant proof is the dramatic increase at 397.55 eV (pyridinic N) peak 

in Figure 3.9.e. After oleylamine addition, sp2 peak became major in C1s while 285.04 

eV (C-N) and 287.53 eV (C-O, C=O, CNO) peaks disappeared. In terms of N1s, 397.55 

eV (pyridinic N) peak remained dominant, but others disappeared. Oxygen change with 

oleylamine was conserving peak at 531.57 eV (C-O) but shifted to the higher energy. 

Eventually, annealing did not cause a significant change but oleylamine addition as post-

synthetic procedure did. 
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Figure 3.10. UV-Visible and PL spectra of a) CD01AX  c) CD01AArOAX and 

excitation dependent emission spectra of b) CD01AX d) CD01AArOAX. 

 

CDs from organic small precursors are shown with similar XRD patterns in literature. 

Showing a 2θ peak between 20° and 25° generally indicates the diffraction patterns of 

graphitic carbon. In Figure 3.10, graphitic carbon indicates a peak at 22° mains constant 

through OA and annealing modifications however the other peaks get broadened 

compared to Figure 3.11b, 3.11c and 3.11d. This phenomenon may be a result of 

decreasing crystalline size. Since CD01 is a carbon dot product after solid-state synthesis, 

and CD01OAX, CD01AOAX and CD01AArOAX are post-synthesis derivatives, sharper 

peaks of CD01 may point to relatively bulk compounds. However, once it is dissolved in 

xylene, the hydrodynamic size of the particle would be around 6 nm according to dynamic 

light scattering measurement which is smaller than CD01OAX (Table 3.3). The still 

larger full width at half maximum (FWHM) and diffraction peak broadening in post-

synthesis derivatives may be evidence for nanocrystalline materials.  
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Figure 3.11. XRD results of a) CD01X b) CD01OAX c) CD01AOAX d) 

CD01AArOAX 

 

The QY data is important to decide which luminescent nanoparticle will be more 

efficient to use in fuel oils since the mechanism of QY is based on the ratio of photons 

emitted to photons absorbed. As in Table 3.1, CD01X shows 19.30 % QY but CD01OAX 

does 15.49 %. Therefore, in terms of QY, oleylamine addition was not an improvement 

but 15.49 % is still close to QY of CD01X and this absorption to emission conversion 

occurs at a longer wavelength range which means less overlapping with self-

photoluminescence of fuel oils. 

 

Table 3.1. Quantum yield results of CD01X and its derivatives. 

Title of CD Quantum 

Yield (%) 

Excitation 

(nm) 

Scanning 

Range (nm) 

CD01X 19.30 460 470-800 

CD01OAX 15.49 520 580-800 

CD01AOAX 16.40 480 500-700 
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Table 3.2. Lifetime results of CD01X, its derivatives and benchmark (F10X5). 

Title of CD Value (ns) Rel % Excitation (nm) Emission (nm) 

CD01X 3.29 54.76 445 558 

8.89 45.24 

CD01OAX 4.99 61.11 445 642 

23.52 38.89 

CD01AOAX 2.06 17.11 377 570 

5.27 82.89 

F10X5  6.20 98.52 455 608 

34.34 1.48 

 

 In Table 3.2, lifetime measurements are summarized. These results are important 

as it is an experiment that shows how long and how many photoluminescent events take. 

Corresponding excitation wavelengths were limited to existing light sources which the 

lifetime experimental set-up has. Therefore, the closest excitation sources to the actual 

excitation wavelength which gives maximum emission were chosen. The common 

features of CDs according to this table can be listed as follows: multi-events and majority 

belong to shorter events. Only annealing seems to affect this trend in an opposite direction 

and longer event (5.27 ns) has a higher relative percentage (82.89).  

3.3.2 Oleylamine and CD01 Interaction 

While redshift can be provided by oleylamine addition to CD01 with post-

synthesis procedure, annealing under air and argon did not help to keep that shift so 

CD01OAX became more favorable. However, it is important to understand the 

interaction between oleylamine and CD01. Firstly, the image of CD01OAX in Figure 

3.12 was obtained to indicate nanoparticles. In Figure 2.10, CD01 itself was shown as a 

more amorphous structure than being high crystalline. Since the image taken from the 

solid synthesis product it is also compatible with sharp diffraction peaks of CD01 in the 

XRD graph in Figure 3.11. After oleylamine addition, crystalline clusters became more 

visible to observe as seen in Figure 3.12. 
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Figure 3.12. TEM image of CD01OAX 

 

CD01 could not dissolve in gasoline or diesel directly. Therefore, oleylamine was 

first tried to dissolve CD01 in gasoline and interestingly a slow color change was 

observed after successfully managing to dissolve CD01. As a next thing, to fabricate 

colloidally stable CD01 with oleylamine, oleylamine was added to CD01 powder form 

and then dissolved in xylene. A similar color change was observed. In Figure 3.13, this 

time-dependent color change was reported by using UV-Visible absorption and 

photoluminescence spectra. Under daylight, the yellow color turned into orange first and 

finalized at reddish pink. Accordingly, emission color got more intense and slightly 

shifted to red. This image-based color change observation was also confirmed by UV-

Visible absorption spectra and at 531 nm peak dramatically increased in time. Similarly, 

more absorption causes more photons to excite so PL intensity also increased. However, 

the maximum intensity was reached after eight days and then due to the quenching effect, 

PL intensity started to decrease even though absorption continued to increase. 
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Figure 3.13. Daily tracking of a) UV-Visible b) PL spectra after OA addition to 

CD01 and image changes under daylight and 366 nm UV light. 

 

 When oleylamine interacts with CD01, hydrodynamic size sharply increases. This 

is not surprising since an excess amount of oleylamine was used compared to CD01 and 

it helps to stabilize the bare surface of the carbon dot. In time, this interaction became 

stronger and size increases to micron level, it may show the formation of clusters of 

oleylamine and carbon dot as seen in Table 3.3. 
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Table 3.3 Daily tracking of CD01 after OA addition in terms of hydrodynamic size. 

Title of CD Size 

by number (nm) 

Size 

by intensity (nm) 

PDI 

CD01 in xylene 6.522 (±2.169) 28.13 (±20.17) 0.309 

CD01OAX (Day-0) 710.5 (±106.7) 723.9 (±82.01) 0.314 

CD01OAX (Day-40) 5413 (±648.0) 5406 (±305.1) 0.416 

 

3.3.3 Oleylamine Optimization 

Once oleylamine addition is confirmed as an improvement for CD01, the next thing 

was performing the optimization of oleylamine amount. Three different CD:OA w/w 

ratios were tried as 1:80, 1:200 and 1:400. If the ratio is smaller, the color change will 

less significant, and the redshift will be shorter.  

As seen in Figure 3.14, when the OA amount increases, color change takes place in 

a shorter period. And daily tracking proved that the absorbance increases around 530 nm 

as in Figure 3.13. Among three ratios, both 1:200 and 1:400 gave similar high PL intensity 

at day zero. And their PL intensities were slightly shifted to red compared to 1:80. The 

common event was PL intensity increase in time but the 1:400 ratio quenched after a 

month. Moreover, the 1:200 ratio kept a red-shifted emission peak with increasing 

intensity. Therefore, the optimum w/w ratio between CD and OA was considered as 

1:200. 
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Figure 3.14. Daily tracking of UV-Visible and PL spectra after OA addition with 1:80, 

1:200 and 1:400 w/w ratios to CD01 and their image changes under daylight. 

 

3.3.4 CDs in AdBlue 

Other than gasoline and diesel, there is a rising product in the market, AdBlue. 

AdBlue is a market name for 30% urea solution which is used as an emission filter in 

diesel engines. Since it is an aqueous product, organic CDs are not useful for tagging. 

CD07 and CD24, both successfully fabricated aqueous CDs, were put in AdBlue with 

different concentrations. Since AdBlue is a non-luminescent product even 1 ppm CD was 

enough to tag the product as seen in Figure 3.15. Low concentration requirement is an 

advantage in terms of cost-benefit on an industrial scale. Another advantage was stability 

which provides longer shelf life. For CD07, that period was at least seven months without 

PL intensity loss. For CD24, after seven months still, high PL intensity was observed 

even with 54.5% loss. 
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Figure 3.15. Concentration dependent PL spectra of a) CD07 b) CD24 in AdBlue, 

PL stability spectra of c) CD07 d) CD24 in AdBlue. 

 

 CD07 is a better candidate for tagging material in AdBlue since it has enhanced 

stability over time. However, CD07 itself has a pH-dependent characteristic and that 

makes understanding how PL change in AdBlue is important. The red line in Figure 3.16 

shows CD07 product after standard synthesis procedure which is in acidic pH. If pH 

would be 7, it shifts to blue, and intensity slightly decreases. Finally, if basic medium due 

to AdBlue would be the case, this blue shift and intensity decrease become dramatic. 

Consequently, CD07 loses a part of its photoluminescence intensity in AdBlue and yet 

that much PL difference can maintain stability after seven months and that makes the 

CD07 more favorable than CD24 as AdBlue tag. 
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Figure 3.16. PL spectra of CD07 (25 ppm) in H2O, 0.1 M HCl and AdBlue. 

 

3.3.5 Barcode with CDs in AdBlue 

Since both CD07 and CD24 have excitation independent emission, their emission 

wavelengths around 600 nm and 455 nm respectively are suitable for barcode trials. 420 

nm was chosen as an excitation wavelength since they have enough PL intensity in their 

emission regions when excited at 420 nm.  

 

 

Figure 3.17. UV-Visible and PL spectra of barcode trials by using CD07 and CD24 in 

AdBlue according to 1:1, 1:3 and 3:1 ratios. 
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Although different ratios were tried, the expectation of preserving two different 

emission centers from two different CDs could not execute. The UV-Visible graph in 

Figure 3.17 shows the dominance of CD07 even for 1:3 (CD07:CD24) ratio. However, 

PL data does not perfectly match with CD07. This may indicate that two different 

emission centers could not be preserved but they engaged in all ratios. 

3.4 Conclusion 

Influence of post-synthetic procedures such as treatment with OA or thermal 

annealing of CDs, specifically, CD01 was investigated. Photostability and emission 

intensity was improved with OA treatment but not with the annealing. The most important 

outcome was the redshift in photoluminescence after OA treatment. Due to this redshift, 

CD01OAX showed 92.7% ∆PL against gasoline which is similar performance to the 

benchmark, however in diesel, the benchmark had 37.5% ∆PL at 525 nm excitation 

wavelength while CD01OAX had 61.5% as seen in Figure 3.5. And the amount of OA 

was optimized as 1:200 w/w (CD/OA) ratio.  

In literature, only one study so far has been reported that uses carbon-based 

nanoparticle as a tracer in crude oil. However, this blue-emitting particle gives excitation 

independent emission at 453 nm and that is highly dominated by the photoluminescence 

of gasoline itself. Therefore, their relatively easier synthesis method (microwave for 6 

min at 300 W) does not provide a substantial advantage over CD01OAX.  

In addition to this promising performance of CD01OAX, tagging ability was 

investigated for AdBlue. Although the barcode system did not work successfully, 

individual CD tagging in AdBlue worked well with both CD07 and CD24 and they were 

stable in terms of photoluminescence even after seven months.
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Chapter 4: 

INVESTIGATION OF PAA@SPION NANOPARTICLES WITH 

ORGANIC PHOTOSENSITIZER FOR ENHANCED 

PHOTODYNAMIC THERAPY 

4.1 Introduction 

Among the cancer treatment methods, photodynamic therapy requires a minimally 

invasive procedure. This therapy is based on cytotoxicity of reactive oxygen species 

(ROS) by light irradiation of dye sensitizers. In literature, photosensitizer chart consists 

of porphyrin and non-porphyrin type dye molecules such as protoporphyrin IX, 

rhodamine, methylene blue or BODIPY. Hydrophilic PSs show poor cell penetration and 

their stability under biological conditions are low. On the other hand, hydrophobic PSs 

have their drawbacks like aggregation in aqueous media and taking a longer time to 

eliminate from the patient body. To better efficiency with organic PSs may be possible 

by combining them with nanoparticles. Possible advantages of NP usage are better drug 

delivery and then higher cancer cell death and lower healthy cell toxicity.   

SPIONs have been attracted to phototherapy since their biocompatible nature and 

several FDA approved compositions. In recent years, different PSs decorated on SPIONs 

for better delivery of PS in PDT studies have increased. Among PSs, BODIPY shows 

superior characteristics such as high absorption coefficient, photostability, ease of 

modification. However, hydrophobic core and tumor selectivity may a problem. In 2019, 

Karaman et al. introduced a new type of BODIPY, BOD-Se-I, which bears an iodo-

selenophene group at 2,6-positions and a cationic methyl pyridinium unit at 3,5-positions 

(Figure 4.1) (Karaman et al., 2019).  

 

 

Figure 4.1. Chemical structures of BODIPY derivatives.  
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In this chapter, the aim to deliver BOD-Se-I (it will be mentioned as just BODIPY at 

the following parts) selectively to tumor cells to enhance its PDT efficiency while 

reducing its toxicity in healthy cells. For this purpose, EGFR targeting Cetuximab (Cet) 

was conjugated PAA@SPION and was used as a non-toxic delivery vehicle of the 

BODIPY derivative with low water solubility and poor stability. Overall, BODIPY 

loaded Cet conjugated nanoparticles were designed for antibody-mediated targeting of 

EGFR(+) colon cancer cells and hence, improved PDT of the targeted cancer cells. 

4.2 Experimental 

4.2.1 Materials 

All reagents that were used in the synthesis of BODIPY were purchased from Sigma 

and used as supplied without further purification. Iron (II) chloride and iron (III) chloride 

were obtained from Merck (purity levels 99 %, Darmstadt, Germany). Poly (acrylic acid) 

(Mw 5100 kDa) and dimethyl sulfoxide Hybrid-Max™ were purchased from Sigma (MO, 

USA). Vivaspin 20 centrifugal filters were provided by Sartorius (Goettingen, Germany). 

McCoy, MEM, trypsin EDTA and penicillin-streptomycin solutions were purchased from 

Multicell, Wisent Inc. (QC, Canada). Fetal bovine serum (FBS) was obtained from 

Capricorn Scientific GmbH (Ebsdorfergrund, Germany). Phosphate-buffered saline 

(PBS) and thiazolyl blue tetrazolium bromide (MTT) were provided by Biomatik Corp. 

(ON, Canada). 96-well plates were purchased from Nest Biotechnology Co., Ltd (Wuxi, 

China). Only ultra-pure water (18.2 MΩ, RephiLe Bioscience and Technology, Shanghai, 

China) was used when needed.  

4.2.2 Synthesis 

PAA Coated Iron Oxide Nanoparticle Synthesis: Iron (III) and Iron (II) salts (2:1) 

were dissolved with 1.2 g of PAA in deoxygenated water. Obtained solution after 20 min 

at 85°C under argon atmosphere was combined with 4.63 mL of 4.5 M NH4OH as 

vigorous stirring continued. A colloidal solution was produced after 1-hour reaction. 

Once the solution reached room temperature, final PAA coated SPIONs were washed to 
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remove residuals by using 5 kDa centrifugal filters with DI water several times and stored 

at room temperature. 

BODIPY Synthesis: BODIPY was synthesized according to the literature (Karaman 

et al., 2019).  

Dye conjugation to PAA@SPIONs: Using EDC/NHS chemistry, Alexa FluorTM 

647 Cadaverine was conjugated to PAA@SPIONs. Firstly, activation of PAA@SPIONs 

with 3.088x10-8 mol EDC and sulfo-NHS in MES buffer was performed for 30 min. The 

buffer of activated PAA@SPIONs was exchanged to PBS (pH=7.4) with centrifugal 

filters. Lastly, 1.961x10-5 mol of Alexa FluorTM 647 Cadaverine was added and let the 

reaction occurs for 24 h. The final mixture was quenched by adding excess 

hydroxylamine. And dye conjugated PAA@SPIONs were purified with PBS using 

centrifugal filters. 

Cet conjugation to Dye-PAA@SPIONs: NH2-PEG-MI was used in Cet conjugation 

to SPIONs as a bridge. SPIONs were activated in MES buffer using 2.264x10-7 mol EDC 

and sulfo-NHS. Then, the buffer was replaced with PBS buffer (pH=7) and then 

2.264x10-8 mol NH2-PEG-MI was added in PBS to solution. After 24 h reaction, the 

solution was washed with PBS through 3 kDa centrifugal filters. Cet was thiolated to react 

with maleimide of the PEG via thiol-ene reaction. 2.264x10-8 mol Cet was mixed with 

2.264x10-6 mol iminothiolane solutions (Traut’s reagent, pH = 8) for 2 h at room 

temperature and then washed with centrifugal filters with phosphate buffer-EDTA. 

Thiolated-Cet was added to PEG-SPION solution and mixed for 24 h at room 

temperature. Then, Cet conjugated SPIONs were washed with 100 kDa centrifugal filters 

several times. Bound Cet was calculated from Bradford assay. Briefly, calibration curve 

was prepared by free BSA at different concentrations. 1 mL of each reference or washed 

product of Cet-PAA@SPION was mixed with 1 mL of Bradford reagent and shaken for 

10 min at room temperature. Then, the absorbance of that solution at 595 nm was recorded 

using UV-Vis spectroscopy. 

BODIPY loading to conjugated and non-conjugated SPIONs: BODIPY at a 

concentration of 1 mg/mL was added dropwise to PAA@SPION and Cet-PAA@SPION 

(50 mg) and mixed at 750 rpm for 2 h at room temperature. Isothermal titration 

calorimetry (Affinity ITC, USA) was used to confirm electrostatic loading of BODIPY 

to SPIONs. SPIONs (1 mg/mL) were titrated with BODIPY at 25 °C.  
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4.2.3 Characterization 

Hydrodynamic sizes and zeta potential data was obtained by using a Malvern 

Zetasizer Nano ZS. Absorbance measurements were performed using a Shimadzu UV-

VIS-NIR spectrophotometer and the range was 600-800 nm. The iron content of prepared 

NPs was determined using an Agilent 7700XICP-MS (inductively coupled plasma-mass 

spectrometer). The samples for that were prepared by digestion with a mixture of 

sulphuric and nitric acid.  

4.2.4 Detection of singlet oxygen generation (SOSG) in solution 

Singlet oxygen generation capacities of BODIPY, PAA@SPION, BODIPY-

PAA@SPION, BODIPY-Cet-PAA@SPION were investigated by using a trapping 

molecule Singlet Oxygen Sensor Green (SOSG) in aqueous solutions (PBS pH 7.4, 1% 

DMSO). Each sample containing 10 mM of BODIPY was mixed with 5 μM SOSG 

solution in oxygen bubbled PBS (pH 7.4, 1% DMSO). The first measurement was taken 

in dark and then the solution was exposed to the LED light (635 nm, 66.7 mW/cm2) for 5 

minutes with 1-minute intervals. After each irradiation, the emission change of SOSG at 

524 nm was recorded (λex = 504 nm). 

4.2.5 Cell culture and conditions 

HT29, SW480 and L929 cells were cultured in McCoy’s 5A, MEM and DMEM 

medium respectively supplemented with 10 % (v/v) fetal bovine serum and 1 % (v/v) 

penicillin streptomycin and incubated in a 5 % CO2 humidified incubator at 37 °C. 

4.2.6 Cytotoxicity assays 

The cytotoxicity of free BODIPY and prepared NPs in HT29, SW480 and L929 cells 

were examined using MTT ((Thiazolyl blue tetrazolium bromide (3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)) assay protocol. The density of 

seeded cells for this assay was 1x104 cells per well. And 96 well plates were used during 

the 24 h incubation. Injection of different concentrations of BODIPY and prepared NPs 

into cells was performed in a fresh culture medium. 50 µL of MTT (5 mg/mL in PBS) 

solution and 150 µL fresh medium were added to cells after 4 h incubation. Finally, the 
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formation of purple formazan crystals by the viable cells was dissolved with the addition 

of DMSO:Ethanol (1:1 v/v). Reading absorbance was 570 nm and reference was 650 nm 

at Synergy H1 (Biotek Instruments). The results were analyzed by using GraphPad Prism 

8 software (California, U.S). Relative cell viability was found by dividing absorbance of 

sample to absorbance of control and multiplied by 100. 

4.2.7 In vitro imaging of free BODIPY and prepared NPs 

The density of seeded cells for in vitro imaging was 1.75x105 cells per well. And 6 

well plates were used during the 24 h incubation. In the following step, cells were treated 

with free BODIPY and prepared NPs (0.1 µg/mL BODIPY or 23 µg/mL Fe) for 4 h. 

Then, the medium was removed, and 4 % paraformaldehyde was used to fix the cells. Let 

cells to be fixed for 20 min incubation and then washed with PBS (x3). Nuclear staining 

dye DAPI was added at 10 µg/mL and cells were incubated for 15 min. To remove excess 

DAPI, cells were washed with PBS (x3). As control cells, without free BODIPY or NPs 

were used. Images were obtained by a Zeiss fluorescence microscope using filters for 

DAPI (λexc=365 nm and λem=461 nm) and AF647 (λexc=640 nm and λem=670 nm), 

respectively. 

4.2.8 In vitro LED irradiation 

The density of seeded cells for this assay was 1x104 cells per well. And 96 well plates 

were used during the 24 h incubation. Injection of different concentrations of BODIPY 

and prepared NPs into cells was performed in a fresh culture medium. An uptake of 

particles by cells continued for 4 h incubation and the cell medium were refreshed at the 

end. Using 635 nm LED at 66.7 W/cm2 for 5 min from the top of the plate, irradiation of 

cells was performed. After irradiation, cells were placed for 24 h incubation. Finally, the 

MTT assay protocol was used to determine the cell viability as mentioned before. Cells 

that were not treated with free BODIPY, NPs or LED were used as a control. 

4.2.9 In vitro ROS generation 

SW480 and HT29 cells were seeded and treated with free BODIPY and BODIPY-

Cet-SPIONs as described above. Each group was treated with 10 µM DCFH-DA for 40 

min at 37 °C after 4 hours incubation. Then each group was irradiated using LED light 
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(635 nm, 66.7 mW/cm2) for 5 min. Fluorescence intensity was read at Ex/Em=485/535 

nm using a microplate reader (Synergy H1, Biotek Instruments). 

4.2.10 Statistical analysis 

Statistical significance of data was determined using Kruskall-Wallis one-way 

analysis of variance followed by Dunn’s comparison test of GraphPad Prism software 

package (GraphPad Software, Inc., CA, USA). P value < 0.01 was considered for 

statistical significance. All data were reported as mean ± standard deviation (SD). 

4.3 Results and Discussion 

4.3.1 Preparation and characterization of Cet conjugated BODIPY loaded SPIONs 

BODIPY was loaded onto anionic SPIONs tagged with Cet for tumor-specific PDT 

for the treatment of colon cancer. These nanoparticles were prepared as mentioned in 

section 4.2.2. First, anionic PAA coated SPIONs were synthesized by a co-precipitation 

method as described previously by our group. To track the nanoparticles in cells, 

nanoparticles were labelled with a fluorescent dye (Alexa Fluor 647). Then, Cet was 

conjugated to 0.1 mol % carboxylic acid groups of dye tagged SPIONs to target EGFR 

overexpressing cells via a PEG spacer to enhance the availability of Cet to EGFRs. 

Briefly, NH2-PEG-MI (2 kDa) was conjugated PAA@SPIONs using EDC/NHS 

chemistry. Cet was thiolated using Trout’s reagent thiol-ene chemistry. The Cet 

conjugation efficiency to SPIONs was calculated as 95% using Bradford assay. Finally, 

cationic BODIPY was loaded non-conjugated and Cet-conjugated anionic 

PAA@SPIONs via electrostatic interaction. Size results in Table 4.1 showed that all 

prepared NPs can be considered as small and surface functionalization did not cause any 

aggregation in hydrodynamic sizes. PAA@SPIONs have number-based hydrodynamic 

size of 16.71 nm with ζ potential of -52.5 mV. There was no significant change in size 

after Cet conjugation (Cet-PAA@SPION, 14.46 nm) and BODIPY loading (BODIPY-

PAA@SPION, 7.586 nm) to PAA@SPION. However, the ζ potential was measured as -

35.9 and -30 mV for Cet-PAA@SPION and BODIPY-PAA@SPION, respectively. 

BODIPY loading increases the hydrodynamic size of the Cet conjugated PAA@SPION, 

slightly (73.90 nm) and reduced the ζ to -38.5 mV. 
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Figure 4.2. UV-vis absorption spectra of BODIPY, PAA@SPION and BODIPY-

PAA@SPION. 

 

Figure 4.2 shows UV-vis absorbance spectrum of BODIPY, PAA@SPION and 

BODIPY-PAA@SPION in the 600-800 nm range. PAA@SPION has decreasing 

absorbance with wavelength from 600 to 800 nm; however, BODIPY possess a strong 

absorbance peak at 660 nm. After BODIPY loading, PAA@SPION has strong absorbance 

peak at 720 nm. Overall, small, anionic, targeted SPIONs with BODIPY were 

successfully produced for enhanced PDT of colon cancer cells. 

 

Table 4.1. Hydrodynamic sizes and zeta potential of BODIPY, PAA@SPION, Cet-

PAA@SPION, BODIPY-PAA@SPION and BODIPY-Cet-PAA@SPION in water. 
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4.3.2 Dark toxicity of BODIPY and prepared nanoparticles 

The dose-dependent dark toxicity of free BODIPY, PAA@SPIONs, Cet-

PAA@SPIONs, BODIPY-PAA@SPIONs and BODIPY-Cet-PAA@SPIONs was 

evaluated on SW480, HT29 and L929 cell lines between 0.1-5 µg BODIPY/mL and 23-

1150 µg Fe/mL concentration using MTT assay after 4 h incubation as seen in Figure 4.3. 

Prepared NPs were biocompatible on both healthy and cancer cell lines in the studied 

concentration range. Free BODIPY did not cause any significant cell death on the HT29 

cell line; however, viability dropped to 76.8 at 5 µg/mL on the SW480 cell line. On a 

healthy cell line, cell viability was between 76-88 % in the 0.5-5 µg BODIPY/mL 

concentration range. These results suggest that prepared NPs more biocompatible than 

free BODIPY on the healthy cell line. 

 

 

Figure 4.3. Dose dependent cell viability of a) HT29, b) SW480 and c) L929 cells 

treated with free BODIPY, PAA@SPION, Cet-PAA@SPION, BODIPY-PAA@SPION 

and BODIPY-Cet-PAA@SPION after 4 h incubation. Untreated cells were used as 

control. Data are expressed as mean ± SD (n=3). 
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4.3.3 Cell imaging 

Internalization of free BODIPY, PAA@SPION, Cet-PAA@SPION, BODIPY-

PAA@SPION and BODIPY-Cet-PAA@SPION was investigated by each cell line with 

fluorescence microscopy after 4 h incubation at 0.1 µg/mL. No signal was recorded in 

PAA@SPION or Cet-PAA@SPION treated cell lines as seen in Figure 4.4 Figure 4.4. 

Fluorescence microscopy images of a) HT29, b) SW480 and c) L929 cells after 4 h 

incubation with free BODIPY and prepared NPs. ( i) Control, ii) free BODIPY, iii) 

PAA@SPION, iv) Cet-PAA@SPION, v) BODIPY-PAA@SPION and vi) BODIPY-Cet-

PAA@SPION) indicating that longer incubation time is necessary for high uptake of 

nanoparticles. 

 

Figure 4.4. Fluorescence microscopy images of a) HT29, b) SW480 and c) L929 cells 

after 4 h incubation with free BODIPY and prepared NPs. ( i) Control, ii) free BODIPY, 
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iii) PAA@SPION, iv) Cet-PAA@SPION, v) BODIPY-PAA@SPION and vi) BODIPY-

Cet-PAA@SPION) 

 In HT29 cell line, uptake of BODIPY-Cet-PAA@SPION was dramatically higher 

than free BODIPY at 0.1 µg/mL (Figure 4.4a). Due to high EGFR expression of HT29 

cell line, strong fluorescence signal was observed with BODIPY-Cet-PAA@SPION 

compared to BODIPY-PAA@SPION as well. In SW480 cell line, no fluorescence signal 

was observed with free BODIPY or prepared NPs at 0.1 µg/mL (Figure 4.4b). At high 

concentration (1 µg/mL), a significantly higher fluorescence signal was recorded with 

both free BODIPY and BODIPY-Cet-PAA@SPION as seen in Figure 4.5. L929 cells 

showed a strong fluorescence signal of free BODIPY while there was no signal in L929 

cells with BODIPY-PAA@SPION and BODIPY-Cet-PAA@SPION (Figure 4.4c). 

Imaging results showed that high amount of BODIPY can be delivered specifically to 

high EGFR-expressing cancer cell line in short incubation time. 

 

 

Figure 4.5 Fluorescence microscopy images of SW480 cells after 4 h incubation at 1 

µg/mL with i) free BODIPY and ii) BODIPY-Cet-PAA@SPION 

4.3.4 Detection of singlet oxygen generation (SOSG) in solution experiments 

Photosensitized 1O2 generation of all agents was first investigated in oxygen 

saturated solutions (PBS, pH 7.4, 1% DMSO) by utilizing a 1O2-selective water-soluble 

trap molecule, Singlet Oxygen Sensor Green (SOSG). SOSG emission is quenched 

because of an effective PeT mechanism and its characteristic green emission at 530 nm 

can only be restored in the presence of 1O2. Irradiation of all samples with a 635 nm red 

LED light source for 5 min resulted in a turn-on response in SOSG emission, suggesting 

that these agents can trigger 1O2 formation upon excitation.  

Fluorescent enhancement was found to be more pronounced in the case of BODIPY-

PAA@SPION and BODIPY-Cet-PAA@SPION, which may be at least partially 
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attributed to improved water solubility and consequent less aggregate formation upon 

SPION conjugation. 

 

Figure 4.6. Fluorescence spectra of free BODIPY and prepared NPs in PBS buffer (pH 

7.4). 

4.3.5 Phototoxicity and enhanced PDT 

Phototoxicity of free BODIPY, PAA@SPIONs, Cet-PAA@SPIONs, BODIPY-

PAA@SPIONs and BODIPY-Cet-PAA@SPIONs was investigated under 635 nm 

irradiation using 66.7 mW/cm2 after 5 min. Same LED conditions were applied to cells 

that were not treated with free BODIPY or prepared NPs to confirm the safety of the LED 

irradiation protocol itself. Furthermore, LED irradiation of PAA@SPION and Cet-

PAA@SPION did not cause any reduction in the cell viability as well indicating that 

SPION does not create significant phototoxicity at these studied doses on both cell lines.  
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Figure 4.7. Dose dependent cell viability of a) HT29, b) SW480 and c) L929 cells 

treated with free BODIPY, PAA@SPION, Cet-PAA@SPION, BODIPY-PAA@SPION 

and BODIPY-Cet-PAA@SPION after 4 h incubation. Untreated cells were used as 

control. Data are expressed as mean ± SD (n=3). 

 

In the case of HT29, no significant toxicity was observed with BODIPY-

PAA@SPION between 0.1-1 µg BODIPY/mL. The viability of HT29 cells treated with 

free BODIPY and BODIPY-Cet-PAA@SPION sharply decreased to 48.5 and 39.1 % at 

0.1 µg/mL, respectively. BODIPY-Cet-PAA@SPION showed higher toxicity than free 

BODIPY at mid doses, which can be attributed to high EGFR expression in HT29 cells 

(Figure 4.7a). All agents caused almost complete cell death at 5 µg BODIPY/mL in 

SW480 cells. In the case of SW480, both BODIPY-PAA@SPION and BODIPY-Cet-

PAA@SPION induced higher phototoxicity compared to free BODIPY at 1 µg 

BODIPY/mL concentration (Figure 4.7b). The cell viability was 26.9, 6.85 and 8.7 % for 

free BODIPY, BODIPY-PAA@SPION and BODIPY-Cet-PAA@SPION, respectively. 

However, no significant differences between BODIPY-PAA@SPION and BODIPY-Cet-

PAA@SPION was detected, which is expected since Cet would not dramatically enhance 

accumulation of BODIPY-Cet-PAA@SPION in low EGFR-expressing SW480 cells. 
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Almost complete cell death was observed with all agents at 5 µg BODIPY/mL. The 

phototoxicity of PAA@SPION was not significant at SW480 and HT29 cell lines; 

however, increased cellular uptake of BODIPY with NPs could be the reason for 

enhanced PDT with BODIPY-PAA@SPION and BODIPY-Cet-PAA@SPION. Another 

critical result was the phototoxicity of agents on healthy cell line, L929, which showed 

that BODIPY-PAA@SPION and BODIPY-Cet-PAA@SPION did not cause any 

reduction, while free BODIPY sharply decreased the cell viability to 31.2 % even at 0.1 

µg BODIPY/mL (Figure 4.7c). Furthermore, the cell viability was 5, 2 and 2.3 % at 0.25, 

1 and 5 µg BODIPY/mL, respectively.  

4.3.6 ROS generation  

Intracellular ROS generation of free BODIPY and BODIPY-Cet-PAA@SPION were 

further investigated by using a cell permeable ROS sensor, DCFH-DA in free body and 

BODIPY-Cet-PAA@SPION treated SW480 and HT29 cells after 5 min LED irradiation. 

In the case of the SW480 cell line, free BODIPY and BODIPY-Cet-PAA@SPION 

generated similar ROS levels in a concentration-dependent manner reaching about 69-

fold at the highest concentration. BODIPY-Cet-PAA@SPION produced a 58-fold 

increase while the fold increase was 32 with free BODIPY at 1 µg/mL BODIPY 

concentration (Figure 4.8a). At 0.1, 0.25, 1 and 5 µg BODIPY/mL doses 26.8, 26.7, 61.3 

and 105.7-fold increase for free BODIPY and 43.7, 61.2, 117 and 145.5-fold increase for 

BODIPY-Cet-PAA@SPION was recorded with respect to control in HT29 cell line 

(Figure 4.8b). In HT29 cell line, high uptake of BODIPY-Cet-PAA@SPION due to high 

EGFR expression caused more ROS generation than free BODIPY, which is in good 

correlation with imaging results.  
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Figure 4.8. Monitoring ROS production in free BODIPY and BODIPY-Cet-

PAA@SPION treated a) SW480 and b) HT29 cells by using DCFH-DA after 5 min 

LED irradiation. C: control, LC: light control. 

 

4.4 Conclusion 

Enhanced selectivity towards EGFR(+) colon cancer cells and improved 

phototoxicity of BODIPY were achieved using Cet-PAA@SPION as a safe delivery 

vehicle. Most importantly, severe phototoxicity of BODIPY on healthy cell lines was 

eliminated by this unique nanoparticle design. Short incubation time (4 h) and low dose 

of BODIPY for effective and selective phototoxicity are also significant advantages of 

the system. Although the idea was demonstrated on EGFR(+) colon cancer cells, same 

particles may be adopted for the treatment of other EGFR(+) tumors or the antibody may 

be changed to target different tumor specific receptors.
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Chapter 5: 

PERSPECTIVES FOR FUTURE STUDIES: POTENTIAL OF 

CARBON NANOPARTICLES IN BIOMEDICAL APPLICATIONS 

5.1 Introduction 

Carbon-based nanoparticles have risen as an alternative to other QDs in biomedical 

applications for a couple of decades. Nevertheless, using them in photothermal and 

photodynamic therapy is still in progress.  

In 2012, Tao et al. introduced CDs as a good fluorescence contrast agent and this 

study was performed at an excitation of 595 nm (Tao et al., 2011). In the following years, 

as an addition to bioimaging applications, the sensing ability of CDs was discovered. Li 

et al. showed their potential in genetic material detection (Li et al., 2011; Du et al., 2013). 

This example opened new ways not only for bioimaging but also medical therapy. In 

terms of invasive methods for the treatment of cancer, phototherapy-based applications 

have minimal cost for the patients (Zhou et al., 2019). However, the most promising CDs 

are NIR light-responsive ones due to their longer penetration depth in tissue and at first, 

synthesizing this kind of CDs for photothermal and photodynamic therapies was a 

difficult task.  

 

Figure 5.1. NIR light-responsive CDs and their potential applications (Zhou et al., 

2019).  
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The challenge was obtaining aqueous red or NIR light-responsive CDs since water 

as a media generally causes to blue shift. Ge et al. successfully produced red-emitting 

CDs in aqueous media for photothermal therapy and worked with HeLa cells, but 

cytotoxicity was a problem (Ge et al., 2015). In 2016, Li et al. applied post-treatment to 

their hydrothermally synthesized citric acid and urea-based CDs. They placed CDs under 

60% humidity for seven days which shifted the blue emission to red and provided 50% 

light to heat conversion efficiency (Li et al., 2016).  

After a year, Lan et al. published an article about the recently discovered feature of 

NIR light-responsive CDs called two-photon excitation and that accelerated the studies 

on CD-based PDT and PTT (Lan et al., 2017). 

 

 

 

Figure 5.2. Schematic illustration of a) single-photon b) two-photon excitation 

mechanisms (Lan et al., 2017).  

 

Although two-photon excited NIR-emissive CDs may show one of the highest ratios 

of light to heat efficiency in the literature (~58.2%), most of them include co-doping of 

sulfur or selenium elements which increase the cytotoxicity (Lan et al., 2017; Bai et al., 

2021).  
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Figure 5.3. The viability of MCF-7 cells was incubated with different concentrations of 

the R-CDs before and after laser irradiation for 10 min (Sun et al., 2016). 

 

Two-photon excited red-emissive or NIR-emissive CDs were used in PDT as well. 

As seen in Figure 5.3 Sun et al. showed a significant decrease in viability of MCF-7 cells 

treated with red CDs after 10 min laser irradiation (671 nm laser, 2.5 W cm−2) (Sun et al., 

2016).  

In this chapter, knowledge on the synthesis of red-emissive CDs from Chapter 2 and 

the use of nanoparticles in phototherapy from Chapter 4 will be combined and the 

potential of these red CDs (Chen et al., 2017) as phototherapy agents will be investigated 

as the first step for future studies. 

5.2 Experimental 

5.2.1 Materials 

Ethanol, NaOH pellets, hydrochloric acid (fuming 37%) and p-phenylenediamine 

were purchased from Sigma (Missouri, U.S.). Phosphoric acid was obtained from Merck 

(Darmstadt, Germany). Pure water (18.2 mΩ, RephiLe Bioscience and Technology, 

Shanghai, China) was used. RPMI, trypsin EDTA and penicillin-streptomycin solutions 

were purchased from Multicell, Wisent Inc. (QC, Canada). Fetal bovine serum (FBS) was 

obtained from Capricorn Scientific GmbH (Ebsdorfergrund, Germany). Phosphate-

buffered saline (PBS) and thiazolyl blue tetrazolium bromide (MTT) were provided by 

Biomatik Corp. (ON, Canada). 96-well plates were purchased from Nest Biotechnology 

Co., Ltd (Wuxi, China). Only ultra-pure water (18.2 MΩ, RephiLe Bioscience and 

Technology, Shanghai, China) was used when needed. 
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5.2.2 Synthesis 

Firstly, p-phenylenediamine (0.1 g) was dissolved in 20 mL distilled water which 

includes 1 mL phosphoric acid and then the suspension was transferred into a Teflon-

lined autoclave (45 mL) and placed into the oven under 180°C for 24 h. Obtaining dark 

red suspensions were filtered 0.22 µm microporous membrane to remove large size 

clusters. The solution was neutralized with 0.1 M NaOH. Afterwards, this suspension was 

precipitated in the centrifugal tube (5000 rpm, 25 min). The precipitate was washed off 

with cold EtOH and distilled water respectively to remove by-products. The final carbon 

dot was produced by dissolving the precipitate in 0.1 M HCl. 

5.2.3 Characterization 

UV-Visible spectra were obtained by using a Shimadzu UV-Vis-NIR spectrometer 

in the 300-800 nm. Photoluminescence spectra were measured by using Agilent Cary 

Eclipse PL. 

5.2.4 Cell culture and conditions 

A549 cells were culture in RPMI medium, respectively supplemented with 10 % 

(v/v) fetal bovine serum and 1 % (v/v) penicillin streptomycin and incubated in a 5 % 

CO2 humidified incubator at 37 °C. 

5.2.5 Cytotoxicity assays 

The cytotoxicity of CD07 in A549 cells were examined using MTT ((Thiazolyl blue 

tetrazolium bromide (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)) 

assay protocol. The density of seeded cells for this assay was 1x104 cells per well. And 

96 well plates were used during the 24 h incubation. Injection of different concentrations 

of CD07 into cells was performed in a fresh culture medium. 50 µL of MTT (5 mg/mL in 

PBS) solution and 150 µL fresh medium were added to cells after 4 h incubation. Finally, 

the formation of purple formazan crystals by the viable cells was dissolved with the 

addition of DMSO:Ethanol (1:1 v/v). Reading absorbance was 570 nm and reference was 

650 nm at Synergy H1 (Biotek Instruments). The results were analyzed by using 
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GraphPad Prism 8 software (California, U.S). Relative cell viability was found by 

dividing absorbance of sample to absorbance of control and multiplied by 100. 

5.2.6 In vitro laser irradiation 

A549 cells incubated with particles for 24 hours were irradiated with 0.78 W/cm2 

output 640 nm laser for 10 min. Irradiation was applied from the bottom of the plate. 

 

5.2.7 Detection of singlet oxygen generation (SOSG) 

Photosensitized 1O2 generation of CD07 was first investigated in oxygen saturated 

solutions (PBS, pH 7.4, 1% DMSO) by utilizing a 1O2-selective water-soluble trap 

molecule, Singlet Oxygen Sensor Green (SOSG). SOSG emission is quenched because 

of an effective PeT mechanism and its characteristic green emission at 530 nm can only 

be restored in the presence of 1O2. Irradiation of CD07 with a 635 nm red LED light 

source for 1 min resulted in a turn-on response in SOSG emission, suggesting that these 

agents can trigger 1O2 formation upon excitation.  

5.2.8 NIR irradiation of aqueous solutions 

A solution of CD07 at 200 µg/mL was irradiated with a 635 nm red LED light source 

for 5 min and temperature change was recorded by probe simultaneously. 
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5.3 Results and Discussion 

5.3.1 Dark toxicity of CD in A549 cell line 

 

Figure 5.4. Viability of A549 cells treated with different concentrations of CD07 after 

24 h incubation in the dark. 

 

 Figure 5.4 shows that CD07 has quite a low cytotoxicity, even at 100 ug/mL, cell 

viability is around 90%. This provides better dosage control and tunable concentration 

for applications. 

5.3.2 Phototoxicity of CD in A549 cell line 

A549 cells treated with CD07 and subjected to 10 min irradiation at 640 nm with a 

power density of 0.78 W cm−2 showed about 25% loss in viability within the studied 

concentration range (Figure 5.5). This is a very promising result considering the low 

power intensity used in the study and the lack of S or Se in the composition of CD07. 

Combination of this CD with other photosensitizers or toxic chemotherapeutic agents 

may provide strong therapeutic effects. 
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Figure 5.5. Viability of A549 cells treated with different concentrations of CD07 after 

24 h incubation at 640 nm laser irradiation for 10 min. Untreated cells were used as a 

control. 

5.3.3 Origin of the phototoxicity of CD07 

Most photosensitizers produce singlet oxygen upon excitation, which helps to 

produce reactive oxygen species causing cell death. However, no singlet oxygen 

production was detected in the case of CD07 as seen in Figure 5.6. 

 

Figure 5.6. CD07 (200 µg/mL) a) SOSG emission at dark and light b) temperature 

increase (Red LED) 

 

On the other hand, about 3.5 °C temperature increase in the solution of CD07 was 

detected when irradiated 10 min, which is not enough for thermal ablation, but it is close 
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to mild hyperthermia which may enhance the sensitivity of tumor cells to conventional 

therapies such as chemotherapy. 

One important point here is the fact that in vitro phototoxicity studies performed with 

a 640 nm laser but detection of singlet oxygen and temperature increase was tested with 

a 635 nm red LED irradiation. Power density of LED is lower than laser, so these 

experiments should be repeated with the laser. 

5.3.4 Two-photon excitation potential of CDs 

 

Figure 5.7. UV-Vis and PL spectra of a) CD07 b) CD01X, excitation dependent 

emission spectra of c) CD07 d) CD01X. 

 

 Light to heat conversion efficiency of CDs with two-photon absorption was 

reported as highest in the literature (Lan et al., 2017; Bai et al., 2021). Therefore, two-

photon excitation of CD07 was investigated but such a characteristic was not detected 

(Figure 5.7a). However, a yellow emissive CD, CD01, showed a different behaviour. As 

seen in Figure 5.7b, there is a highly intense emission peak when CD01 was excited at 

520 nm despite the lack of any significant absorption at 520 nm. This may be because of 

the two-photon excitation characteristic of CD01. However, more comprehensive 

experiments should be performed to understand this property better.   
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5.3.5 Intracellular NO sensing potential of CDs 

In addition to cancer therapy applications, CD07 may be an ideal nanoparticle for 

intracellular NO sensing applications. It is important to sense NO amount in the cellular 

matrix since it takes a role in the cell death mechanism. There is only one study in the 

literature that was able to do that with carbon nanotubes (Ulissi et al., 2014). 

As shown in Figure 3.16, CD07 is a pH-dependent carbon dot and that makes it ideal 

for pH-related sensing. With this insight, CD07 was tested for NO concentration 

dependent detection by Gözde Demirci and Ahmet Ferid Fırat. And initial results seen in 

Figure 5.8 are highly promising to take a step further and use CD07 for intracellular NO 

detection.  

 

Figure 5.8. Concentration dependent NO detection with CD07 via PL spectra. 

 

5.4 Conclusion  

Laser irradiation of cells treated with CD07 provides a ~30% decrease in cell viability 

in the A549 cell line after 10 min 640 nm laser irradiation. However, this could not be 

confirmed as PDT or PTT effect since solution experiments were performed with low 

power LED irradiation. This phototoxicity may be coupled with other therapeutic 

methods in future studies. Also, two-photon excitation characteristics for two different 

CDs; CD07 and CD01 was investigated. In contrast to literature red CD did not show 

two-photon excitation but yellow emitting CD01 did, which may be utilized for medical 

purposes in the future. Last but not least, these CDs may be utilized in many sensing 

applications, including pH sensing or NO sensing.  
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