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 With the development of nanomaterials and fluorescence detection 

techniques, carbon-based fluorescent nano- and micro- materials are arousing 

tremendous interests because of their great application potential in biomolecules 

detection and bioimaging. Compared to other fluorescent materials such as 

organic dyes, fluorescent proteins, semiconductor quantum dots, metal 

nanoparticles etc., fluorescent carbon-based nano- and micro- materials show 

advantages of easy preparation, simple functionalization, stable fluorescence, 

tunable fluorescence characteristics, low biotoxicity, and minimal environmental 

hazards.  

 The research in this dissertation is aimed at developing simple preparation 

methods of fluorescent carbon dots (CDs) and carbon microspheres and applying 

the synthesized nano- and micro- structures in small biomolecules detection, cell 

imaging, and specific cell targeting.  

The first part of this thesis is focused on nitrogen-doped carbon dots (N-CDs), 

including synthesis, characterization and application in studying cellular uptake 

behaviors on different stiffness substrates. N-CDs with bright blue fluorescence 

are prepared from a one-step hydrothermal method. Cells are cultured on 

poly(acrylamide) (PAA) gels substrates with variable stiffness, which are 

synthesized via photopolymerization. We find that substrate stiffness influence 

cellular uptake of N-CDs, which is regulated by the interaction between cell and 

matrix.  

In the second part, a heparin sensing platform based on branched 

polyethylenimine carbon dots (BPEI-CDs) is developed. The positively charged 

BPEI-CDs are prepared from citric acid (CA) and BPEI using a one-step 

hydrothermal route. The electrostatic interaction between heparin and BPEI-CD, 

which induce aggregation formation, is the basis of the sensing mechanism. 

Using this method, we achieve a linear detection range of 2-20 μg/mL with a 

detection limit of 0.46 μg/mL. This heparin sensing method shows distinct strong 

response to heparin even in presence of heparin-analogue interferents. The 

capability of detecting heparin in real sample is also verified by standard addition 
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method. 

In the third part, gadolinium-doped carbon microspheres (GdCMS) are 

studied. The formation and morphology of GdCMS are largely dependent on the 

starting material proportion and reaction conditions. We optimize the parameters 

to obtain GdCMS with uniform size and rough surface. The GdCMS not only 

possess fluorescence properties, but also show unique magnetic properties due to 

Gd doping. GdCMS functionalized with epithelial cell adhesion molecule 

(EpCAM) antibody preliminarily show potential in targeting specific cancer cells 

and magnetic separation.  
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The exploration and understanding of many processes occurring in living 

cells and whole organisms relies on fast, sensitive, reproducible, reliable 

detection of interactions of biomolecules and probing existence of various ions 

or molecular species. Fluorescence detection meets these requirements precisely 

because of the advantages including nanometer-scale resolution and sensitivity 

down to single-molecule level [1–3]. Though cells and extracellular tissues 

contain some endogenous fluorophores such as NADH, flavin coenzymes, 

collagen , and elastin etc. [4], they are limited in species and weak in fluorescence, 

which restrict their application in reflecting the physiological processes in cells. 

Hence, many exogenous fluorescence labels are necessary for cell imaging. 

In order to function efficiently in cells or organism, fluorescent labels should 

have the following features [2]. They should easily be excited to emit strong 

fluorescence, and avoid biological matrix autofluorescence. Distinctive emission 

fluorescence bands and colors are necessary to get rid of severe crosstalk in 

multiplex fluorescence labeling. Good photostability with few blinking ensures 

long-term irradiation and imaging. Good chemostability can keep the fluorescent 

materials stable in solvents or buffers for long time and resist to aggregation. 

Abundant functional groups can facilitate various crosslinking chemistry. The 

fluorescence labels should be easily internalized into cells and won’t induce 

cytotoxicity. If used in vivo, non-specific binding with proteins should be avoided, 

and the biodistribution and metabolic pathways should be clearly elucidated. 

Organic fluorophores have been well developed and commercially available 

for using in various biological and medical experiments. However, they suffer 

from the drawbacks of short lifetime [5], photobleaching [6], severe cross-talk 

[7], which hinder their use under long-time observation and multi-way 

fluorescence detection.  

Fluorescent proteins and their engineered variants have been developed to 

probe gene activation, as well as selectively label individual proteins, organelles, 

and even whole cells. The genes that fuse the information for fluorescent protein 

and protein of interest can express the proteins of interest with endogenous 
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fluorescence, to facilitate direct observation of the distribution, expression level, 

and function of the interest proteins [8–10]. However, sometimes fluorescent 

proteins can damage the function of proteins of interest, and overexpression can 

have adverse effects on intracellular activities [11]. 

With an explosion of research passion to nanomaterials, the fluorescent 

nanomaterials turn to be competitive alternatives of traditional fluorescent dyes 

and fluorescent proteins. Nanomaterials refer to materials have size within the 

range of 0-100 nm at one dimension at least. Fluorescent nanomaterials have been 

widely applied in fluorescence imaging and detection, taking advantages of the 

high sensitivity, simplicity and diversity of fluorescence technology, and 

nanoscale size of nanomaterials [6]. They are very promising in areas such as 

clinical diagnosis [12], environmental monitoring [13], agriculture and food 

safety control [14], and biological warfare agents detection [15] etc. 

The semiconductor quantum dots (QDs) are a famous representative of 

fluorescent nanomaterials. The most predominant feature is the size-dependent 

photoluminescence behaviors, which originates from the quantum confinement 

effects [16]. Compared with organic fluorophores, semiconductor QDs show 

improved fluorescence properties such as the broader excitation band, the better 

photostability, the longer fluorescence lifetime, and the more discrete excitation 

and emission spectra etc [16,17]. Still, semiconductor QDs are not flawless, they 

are often criticized for the potential toxicity caused by leakage of the heavy 

metals consisting the core [18–20].  

Nowadays, much efforts have been done to find benign alternatives of 

semiconductor QDs. Carbon based fluorescent nanomaterials are considered as 

more safe substitutions of semiconductor QDs due to the absence of heavy metals. 

In addition, the raw materials for the synthesis of carbon-based fluorescent 

nanomaterials can be diverse and ubiquitous. Carbon based fluorescent 

nanomaterials generally refer to carbon allotropes, including single-walled 

carbon nanotubes (SWCNTs), fluorescent nanodiamonds and carbon dots (CDs). 

Carbon nanotubes were discovered in 1991, but the photoluminescence effect 

was not discovered in short single-wall carbon nanotube until 2000. The 

fluorescent carbon nanodiamonds were first prepared in 2005. Although 

fluorescent CDs developed late, they have received great research attention.  
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Compared with SWCNTs and fluorescent nanodiamonds, CDs can be prepared 

at low cost and their fluorescence properties can be easily adjusted to meet 

different application requirements.  

On the micron scale, fluorescent microspheres with size between hundreds of 

nanometers to tens of microns have also been widely used for fluorescence 

imaging and detection in biomedical research. Compared with fluorescent 

nanoparticles, fluorescent microspheres have higher load capacity, better stability 

to eliminate dilution and degradation in physiological environments, and similar 

size to bacteria. Therefore, fluorescent microspheres have there own set of 

attributes which define the scope of problems they can address.  

Previous studies have utilized fluorescent microspheres to detect intracellular 

pH, target specific cells, measure blood flow, simulate bacteria to penetrate into 

growing plants, and act as a retrograde tracer in neural activity research [21–25]. 

The frequently used microspheres are either latex microspheres or polystyrene 

microspheres. Although they are very stable, they do not emit intrinsic 

fluorescence, and the fluorescence function is achieved by loading fluorescent 

materials such as fluorescein or QDs [25,26], that is, their fluorescent properties 

totally depend on the loaded fluorescent materials. In order to obtain fluorescent 

microspheres, it is necessary to conduct multi-step reaction processes.  

With the rapid increase in research on carbon nanomaterials, we are inspired 

whether carbon microspheres can also have intrinsic good fluorescence properties 

and simple preparation, similar to carbon dots. 

In this chapter, we overviewed CDs and carbon microspheres, focusing on 

their synthesis, fluorescent properties and applications. A brief introduction 

related to fluorescence is presented in section 1.1. The categories of fluorescent 

carbon-based nanomaterials are presented in section 1.2. The synthesis and 

properties of CDs and graphene quantum dots (GQDs) are presented in section 

1.3. The applications of CDs and GQDs in sensing and bioimaging are presented 

in section 1.4. A brief introduction of fluorescent microspheres, especially the 

carbon microspheres with intrinsic fluorescence is presented in section 1.5. 

Finally, the objectives of this study are presented in section 1.6.  
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1.1. Brief introduction of fluorescence 

Fluorescence is a physical phenomenon that the fluorophore absorbs a photon 

and jumps to a singlet electronic excited state, then, emits a photon of lower 

energy (longer wavelength) and returns back to ground electronic state as shown 

in Figure 1.1. During the short period that the fluorophore is at excited state (the 

time is known as fluorescence lifetime), non-radiative transitions happen and part 

of the absorbed energy is loss [27].  

 

Figure 1.1 Jablonski diagram that describe the vibrational levels for absorbance, 

non-radiative decay, and fluorescence. 

The discovery of fluorescence dates back to the 16th century, although the 

term fluorescence was not defined by Sir George Gabriel Stokes until the 19th 

century. The term “Stokes shift” is also named after him, describing the difference 

between the position of the emission peak and position of the absorption peak. In 

another sense, the “Stokes Shift” reflects the energy difference between the 

emitted photon and the absorbed photon as shown in Figure 1.2 [28]. In addition, 
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Stokes proposed that fluorescence can be applied to chemical analysis. 

Goppelsroder first achieved fluorescence-based analysis in 1867 [29,30]. Since 

then, fluorescence detection has undergone tremendous development in a century. 

Fluorescence detection became more available and versatile after the invention 

of the commercial fluorometer in 1955 [31], and the breakthrough of laser in 1960 

[32].  

  

Figure 1.2 Schematic illustration of stokes shift, which is the energy difference 

between emission and absorption of photon. 

Fluorescence detection, which is not restricted to spectroscopic approach, but 

includes a variety of techniques to extract rich information from fluorescence 

phenomenon, such as intensity, lifetime, polarization, and changes involved in 

fluorescence resonance energy transfer (FRET), fluorescence quenching, and 

photo-induced electron transfer [33]. Compared with other detection principles, 

fluorescence detection shows the following advantages [6]. Rapid signal 

acquisition due to 107~108 photons generated by a fluorophore per second; multi-

way assays simultaneously; high sensitivity, which can be achieved in single 

molecule level; localized detection, which ensures detection within intact 

physiological microenvironment; easy labeling via versatile chemical 

conjugations or physical adsorption. 

Fluorescence imaging, a method to form 2-dimensional (2D) picture based on 
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fluorescence information, is very competitive in imaging living systems or intact 

tissues, taking advantages of its rich contrast, real-time, in situ, nondestructive, 

easy acquisition ability. Fluorescence imaging has been widely used in life 

science and medical applications. The significance of fluorescence imaging is no 

less than conventional light microscopy and magnetic resonance imaging (MRI) 

[33]. 

1.2. Fluorescent carbon nanomaterials 

1.2.1. Single-walled carbon nanotubes 

Single-walled carbon nanotubes have unique electronic [34] and mechanical 

[35,36] properties combined with chemical stability. They are applied in 

reinforced composite materials [37] and nano-scale electronic/optical devices 

[38]. However, single-walled carbon nanotubes are insoluble in common organic 

solvents [39,40], which hinders full study of its properties and the discovery of 

more potential applications[41,42]. To solve this problem, many approaches have 

been developed to improve their solubility. Modification of open- ends of 

shortened SWCNTs can help dissolve SWNTs in common organic solvents [43]. 

Fluorination of nanotube side-wall [44] can open the possibility to 

functionalization of nanotube side-wall such as induce alkanes to the sidewall-

fluorinated nanotubes [45]. Attachment of soluble polymers onto the surface of 

carbon nanotubes is another way [46]. Finding appropriate solvents or surfactants 

can also enhance the solubility [42,47,48]. 

As-growth SWCNTs are quasi one-dimensional semiconducting materials 

with small bandgap of about 1 eV, emitting fluorescence in the near infrared 

(NIR). Chemically modification can change the fluorescence colors of SWCNTs, 

polymer wrapped SWCNTs emits fluorescence around 450 nm under 350nm 

excitation [46], SWCNTs-aniline solutions showed solvent-dependent 

fluorescence emission spectra under excitation at 500 nm [42]. Dispersed 

individual carbon nanotube emits different fluorescence according to energy gaps, 

showing structure-related properties. Aggregation can lead to fluorescence 

quenching of SWCNTs [49,50]. The tunable fluorescence properties rendered 

carbon nanotubes potential for using in biological imaging. Apart from the 

solubility and fluorescence properties, solving the nonspecific binding of carbon 
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nanotubes is imperative before using in biological systems [51–53]. 

1.2.2. Nanodiamonds 

Over 100 luminescent defects have been demonstrated in diamonds through 

extensive optical investigations [54,55]. Among them, the N-V center is the most 

noteworthy. The N-V center is consisted of a substitutional nitrogen atom 

adjacent to a carbon-atom vacancy [56], which is produced by electron irradiation 

(2 MeV) and subsequent annealing (900 °C) treatment of diamond crystals 

containing dispersed nitrogen (type 1b crystals) [57]. The photophysical 

properties of single N-V center have been studied. The N-V defect center emits 

fluorescence at ~700 nm under 560 nm excitation, with a large absorption cross 

section comparable to a dye molecule [57]. Moreover, the fluorescence quantum 

efficiency is up to ~1, and fluorescence lifetime is detected to be 11.6 ns at room 

temperature [58]. Previously, research interests are mainly focused on single N-

V center in diamond [59]. Till 2003, researchers generated high density of N-V 

centers in nanodiamonds by traditional proton-beam irradiation and annealing, 

they obtained fluorescent nanodiamonds with size around 100 nm. The red-

emission nanodiamonds showed no photobleaching and very low cytotoxicity. 

However, cell experiments revealed that 100 nm sized nanodiamond is difficult 

to be uptaken by cells, nanodiamonds with size smaller than 50 nm are preferred 

[60]. The same group of researchers also obtained fluorescent nanodiamons with 

size of 35 nm and applied as single-particle biomarker in live cells, showing no 

sign of photobleaching and blinking [61]. 

However, the preparation of nanodiamonds involves a high-energy process, 

making it difficult for production on scale. Besides, it’s difficult to tune the 

fluorescence properties of nanodiamond, restricting its use to very limited areas. 

The carbon nanoparticles obtained by Hu et al via laser irradiation of graphite 

suspension was reported to have diamond structure [62]. Nevertheless, very few 

people have obtained fluorescent nanodiamonds by methods other than proton-

beam irradiation. 

1.2.3. Carbon dots 

Fluorescent CDs were first discovered in 2004 as a subsidiary product from 

electrophoretic purification of single-walled carbon nanotubes (SWCNTs) [63]. 
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The separated fluorescent materials contain several components, emitting green-

blue, yellow and orange fluorescence respectively under the same 365 nm 

excitation light. The molecular weight range of the fluorescent materials is 

estimated to be 3000 to 5000. The orange fluorescent part was further 

characterized, a uniform nanosheet structure with lateral size of 18 nm and height 

of 1 nm was demonstrated by AFM. The elemental analysis showed that the 

orange fluorescent materials are composited of C, 53.93%; H, 2.56%; N, 1.20%; 

and O, 40.33%. Besides, the existence of carboxyl groups was demonstrated. 

Although the researcher didn’t name it “carbon dot”, this unprecedented 

fluorescent nanoparticles can be considered as carbon dots because of its 

nanoscale size, fluorescing, and elemental composition. 

CDs were first prepared on purpose in 2006 by laser ablation of graphite [64]. 

The preparation was a very complicated process, involving laser ablation, high-

temperature and high-pressure treatments. The obtained CDs fluoresced after 

surface passivated with PEG. The surface passivated CDs with an average 

diameter of 5 nm showed a broad emission spectrum when excited at 400 nm. 

And the emission bands red-shifted with the increasing of excitation wavelength. 

Though the preparation method was too redundant, the case demonstrated that 

nanosized carbon materials with unique fluorescence properties can be 

synthesized intentionally, which has inspired much research attention in deep 

exploration of CDs. CDs are regarded as zero-dimensional nanoparticles with 

size from a few nanometers to tens of nanometers, mainly composed of C, O, H 

elements, occasionally containing heteroatoms. The nascent nanomaterial didn’t 

have a unified name. Commonly, “carbon quantum dots”, “carbon nanoparticles”, 

“carbon nanocrystals” etc. all refer to the same nanomaterial.  

1.2.4. Graphene quantum dots 

Later than discovery of CDs, GQDs were first reported in 2008 known as 

nano-graphene oxide (NGO) [65]. Ultrasmall NGO with size smaller than 20 nm 

was prepared by pegylation of graphene oxide (GO). Different sized NGO-PEG 

sheets were separated by density gradient ultracentrifugation, showing similar 

optical absorbance, photoluminescence (PL) and photoluminescence excitations 

(PLE). NGO emitted fluorescence in both visible range peaked at 520 nm and 
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NIR range. It was proposed that conjugated aromatic domains with size in the 

range of 1-5 nm existed on NGO, responsible for the fluorescence. The smaller 

domains were the origin of fluorescence in visible range, the larger domains gave 

fluorescence emissions in IR range.  

Actually, GQDs resemble to CDs to very high extent no matter in 

composition, structure, morphology or fluorescence properties. The biggest 

difference between CDs and GQDs may be the focus researchers emphasize. 

Unlike nanodiamonds consisted of pure sp3 carbon, carbon dots contain both sp2 

and sp3 carbon and can be either crystalline or amorphous. While, as the 

derivation of graphene, GQDs are expected to succeed the graphene sheet 

structure, possessing perfect, small sized, isolated sp2 domains. However, after 

preparing from graphene, GQDs are inevitably contain defects on the edges 

and/or surface, so GQDs no longer show perfect sp2 structure, they contain 

mixture of sp2 carbon and sp3 carbon, just like CDs. GQDs are considered 

composing of a few layers of nanosheets, are regarded as nano-sized pieces, with 

a smaller size in height than lateral dimension. For carbon dots, there is no clear 

definition for its morphology.  

The fluorescence of CDs is ascribed to the recombination of electon-hole 

pairs confined on the surface. Surface passivation is important to stabilize the 

surface emissive traps. Size-dependent quantum confinement is unclear in carbon 

dots. For GQDs, the most widely accepted reason for fluorescence is the 

combined action of both quantum confined π electrons in sp2 domains and the 

edge effects (or defects), though that quantum confinement effects is not 

pronounced in GQDs. In essence, there is not big difference in 

photoluminescence mechanism between CDs and GQDs, since the explanations 

are applicable to each other in certain conditions.    

Besides, CDs share many common features with GQDs, such as the 

excitation-dependent PL behaviors, the up-conversion PL, the photostability, the 

nontoxicity etc. Based on the fact that GQDs are loosely defined in papers, and 

the difference between CDs and GQDs is very subtle and confusing. Sometimes 

a synthetic fluorescent carbon nanoparticle can either be named as CDs or named 

as GQDs. For example, Zhu et al synthesized CDs from citric acid and 

ethylenediamine [66], in Qu’s paper the carbon material synthesized using the 
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same source materials and same conditions was named as GQDs [67]. Broadly 

speaking, we can count GQDs as a branch of CDs with special graphene-like 

structure, or regard CDs as GQDs with large amount of defects and more layers 

unless future unambiguous research can prove that they can be distinguished very 

clearly. As a result, in this thesis, we take CDs and GQDs as one nanomaterial, 

but when we cite other researchers we also cite the name they used.  

1.3. Synthesis and properties of CDs and GQDs 

Synthesis methods of CDs can be classified into – top-down route and 

bottom-up route. Top-down routes use carbon bulk material to be broken down 

into small nanosized CDs by physical or chemical treatment. The commonly used 

starting material include carbon nanotubes, graphite, soot, graphene oxide etc. 

Herein, though single carbon nanotube itself is nanosized material, it can still be 

regarded as the “top” material compared to carbon dots with smaller size. The 

frequently used methods to smash the “top” sources include oxidative acid 

treatment, electrochemical treatment, laser ablation, ultrasound etc.  

For bottom-up synthesis, CDs grow from small molecules via dehydrating, 

carbonization, growth etc. Many organic speices have been tried to prepare CDs 

or GQDs, including various carbohydrates, citric acid, etc. The treatment methods 

such like microwave pyrolysis, hydrothermal or solvothermal etc.  

1.3.1. Top-down synthesis 

1.3.1.1 Electrochemical methods 

In electrolyte solution containing 0.1 M tetrabutylammonium perchlorate 

(TBAP), the multi-walled carbon nanotubes (MWCNTs) grown on a carbon 

paper by the chemical vapor deposition (CVD) method were used as working 

electrode, a Pt wire acted as counter electrode, and an Ag/AgClO4 worked as 

reference electrode, an electrochemical cell was developed by Zhou et al to 

electrochemically prepare CDs derived from MWCNTs. The applied potential 

cycle was set between -2.0 and 2.0 V with a scan rate of 0.5 V/s. The color of the 

electrolyte solution turned gradually from colorless to dark brown, accompanied 

by the progress of decomposing of MWCNTs and generating of CDs. The 

obtained water-soluble CDs showed a uniform spherical shape with a narrow size 
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distribution of 2.8±0.5 nm, emitting blue fluorescence under UV excitation with 

a fluorescence QY of 0.064 [68]. 

In 2008, Zhao et al prepared CDs by electrooxidation of graphite [69]. The 

preparation was performaned in 0.1 M NaH2PO4 aqueous solution at 3 V. As the 

oxidation time increases, the color of the electrolyte changed from colorless to 

yellow and eventually turns dark brown, indicating the formation of carbon dots. 

The non-fluorescent precipitates were discarded by centrifuging the dark brown 

solution. The supernatant was ultrafiltered to obtain product fractions with 

molecular weight <5, 5–10, 10–30 and >30 kDa. The fraction of 10–30 and >30 

kDa were nonfluorescent. The fractions equivalent to < 5kDa and 5-10 kDa 

emitted blue and yellow fluorescence respectively under UV lamp irradiation as 

shown in Figure 1.3. The obtained carbon dots had a size distribution of 1.9±0.3 

nm in height and 3.2±0.5 nm in diameter. Lattice spacing of 3.28 Å, close to the 

002 plane of graphite, showing the carbon dots had graphite-like structure. 

 

Figure 1.3 (a) UV-vis absorption spectrum, PL excitation spectrum (emission 

wavelength fixed at 445 nm), and PL emission spectrum (excitation wavelength 

fixed at 330 nm) of CDs fraction with molecular weight < 5 kDa. Inset: 

photograph for the CDs aqueous solution under UV light. (b) PL excitation 

spectrum (emission wavelength fixed at 510 nm) and PL emission spectrum 

(excitation wavelength fixed at 370 nm) of CDs equivalent to 5–10 kDa fraction. 

Inset: photograph for the CDs aqueous solution under UV light (Adapted from 

[69]). 

In 2010, Li et al obtained CDs by electrochemical oxidation of graphite rods, 

which were used as both anode and cathode. The reaction was conducted in 
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NaOH/EtOH electrolyte with a current intensity of 10–200 mAcm-2[70]. They 

found if replaced by other acidic electrolyte, CDs cannot form, indicating that the 

alkaline conditions played key role. The prepared carbon dots were of different 

sized, emitting different fluorescence colors. It had been elucidated that 

fluorescence emissions from CDs were closely related to size – small CDs 

(around 1.2 nm) emitted UV light, medium-sized CDs (1.5-3 nm) emitted visible 

light (400-700 nm), large CDs (about 3.8nm) emitted near-infrared fluorescence 

(center at 800nm) as shown in Figure 1.4. The dependence of the HOMO-LUMO 

gap energy on the size of carbon dots was responsible for the tunable 

photoluminescence color, speculating that the strong fluorescence originated 

from the graphite structure rather than the oxygen-containing groups on surface 

[71]. The fluorescence quantum yield of carbon dots with yellow emission was 

determinated to be 12 %.  

 

Figure 1.4 (a) Photographs of CDs aqueous solution under ambient light (left) 

and UV light (right). The CDs with increasing size emit fluorescence from blue 

to orange. (b) PL spectra of CDs with different fluorescence colors. (c) The 

relationship between the energy of fluorescence and size of CDs. (d). The 

relationship between the HOMO-LUMO gap and size of graphene fragments 

(Adapted from [70]). 
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In 2011, Bao et al obtained CDs from electrochemical etching of carbon 

fibers [72]. Using carbon fibers as working electrodes, Pt sheet and a silver wire 

as a counter electrode and a quasi-reference electrode, respectively, the 

electrochemical etching of carbon fibers were performed in acetonitrile 

containing 0.1 M tetrabutylammonium perchlorate (TBAP) at a constant potential. 

The CDs were collected by evaporating acetonitrile and re-dispersed in double-

distilled water. They studied the effect of applied potential on size and 

fluorescence properties of CDs. From Figure 1.5, it was clear that the higher 

applied potential contributed to smaller CDs, and higher applied potential 

resulted in red-shift of the PL spectra of obtained CDs. Through further 

experiments, they came to infer that the red-shift of emission of the CDs was 

attributed to high degree of surface oxidation rather than different size.  

 

Figure 1.5 (a) Relationship between size of CDs and applied potentials. (b) The 

optimal emission wavelength and excitation wavelength of CDs prepared at 

different potentials (Adapted from [72]). 

1.3.1.2 Laser treatment methods 

In 2006, Sun et al prepared CDs via laser ablation of graphite [64]. It was a 

very complicated and laborsome preparation method that involved laser ablation, 

high-temperature and high-pressure treatments. The obtained CDs were not 

fluorescent until surface passivated with PEG1500N, which was explained that 

fluorescence was generated by the radiative recombination of excitons and 

quantum confinement of emissive energy traps on the surface, and surface 

passivation was important in stabilizing and enhancing the surface emissive traps. 

The CDs showed an average size of 5 nm. The excitation-dependent emissions 

was ascribed to the distribution of different sized CDs and different emissive sites.   
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In 2009, Hu et al prepared CDs by laser irradiation of suspension of carbon 

powder in organic solvents [62]. Graphite powders with an average size of 2 mm 

were dispersed in three kinds of solvents (diamine hydrate, diethanolamine, and 

poly(ethylene glycol) (PEG200N)), then irradiated by a Nd:YAG pulsed laser 

(1064 nm, 6.0 X 106 W cm-2 ) for 2 h, during which ultrasound was applied to 

accelerate the decomposition of graphite powders. The homogeneous black 

suspension was collected, followed by centrifugation to obtain the supernatant. 

The size distribution (1-8 nm, centered at 3 nm) of CDs prepared in three different 

solvents is almost constant, but the fluorescence color and PL intensity can be 

tuned, the PL peaks were in the range of 440-520nm with the fluorescence QY of 

3.7-7.8%. It was demonstrated that the obtained carbon dots with a diamond 

structure were already surface passivated during the synthesis, and the 

photoluminescence is closely related to the surface states. As shown in Figure 1.6, 

the PEG surface modification greatly enhanced the fluorescence of CDs 

compared with the counterpart without PEG.     

 

Figure 1.6 (a) TEM image of the CDs prepared in PEG200N and photograph of 

CDs under a 365 nm UV lamp, inset: SAED pattern. (b) TEM image of the CDs 

prepared in deionized water and photograph of CDs under a 365 nm UV lamp 

(Adapted from [73]). 

1.3.1.3 Chemical routes 

At early stage, soot is commonly used to prepare CDs. Soot was collected 

from incompletely combusted candles, which contained particles of 20-800 nm 

that usually form agglomerations up to several micrometers. In 2007, Liu et al 

refluxed soot with HNO3 for 12 h followed by centrifugation to collect 
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fluorescent CDs [74]. The oxidative acid treatment might take triple effects: to 

smash the carbon agglomerations in candle soot into nanosized particles; to 

solubilize the carbon nanodots; to influence the fluorescence properties. After 

purification the products by centrifugation and polyacrylamide gel 

electrophoresis (PAGE), fluorescence CDs were found in the fast moving bands. 

Besides, among the fast moving bands, CDs with different mobility emitted 

fluorescence color from deep-blue to orange under the same UV excitation as 

shown in Figure 1.7. The CDs with different fluorescent colors didn’t vary much 

as regard to their size distribution, all had height of ~1 nm demonstrated by AFM. 

CDs derived from candle soot were sp2 hybridized without saturated sp3 carbon.  

 

Figure 1.7 Photographs of the purified CDs under visible light (top) and under 

312 nm UV light (middle), and the PL emission spectra of the corresponding CDs 

solutions when excited by 315 nm (Adapted from [74]).  

The method to prepare CDs from candle soot was further improved by Ray 

et al in 2009 [75]. They simplified the purification using gradient centrifugation 
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instead of electrophoresis to extract carbon nanoparticles of different size. Using 

this method, milligram-scale production of CDs can be achieved. However, they 

no longer obtained CDs emitting multi fluorescence colors, the CDs only emitted 

green fluorescence under UV light despite of the various size distribution. The 

fluorescence quantum yield increased to 3 %.  

GO is the most frequently used starting material for preparation of GQDs via 

top-down route. GO can be synthesized from the modified Hummers method [76].  

In 2008, the pioneer work to prepared GQDs from GO was conducted by Sun et 

al.[77]. The as-synthesized GO was firstly bath sonicated to form a uniform clear 

solution, then NaOH and chloroacetic acid (Cl-CH2-COOH) were added into GO 

suspension during bath sonication to oxidize –OH groups to –COOH groups on 

GO. The obtained GO-COOH went through neutralization, and purification 

through repeated rinsing and filtration. Then 6-arm polyethylene glycol-amine 

(PEG-NH2) reacted with GO-COOH with the assistance of N-(3-

dimethylaminopropyl-N’-ethylcarbodiimide) hydrochloride (EDC). After 

pegylation, GQDs with various size were obtained by density gradient 

centrifugation as shown in Figure 1.8. The smaller GQDs are responsible for 

fluorescence in visible range, while the larger sheets gave fluorescence in IR 

range. 

 

   

Figure 1.8  (a) A photograph to show the density gradient separation of GQDs 

with different size. (b-d) AFM images of GQDs fractions (F5, F13, and F23) at 

different layer in the centrifuge tube as arrows pointed in (a) (Adapted from [65]). 

In 2010, an important work of GQDs synthesis that inspired many latecomers 

was performed by Pan et al [78]. GO was firstly deoxidized to obtain graphene 
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sheets (GSs), then GSs were again oxidized and purified. Hydrothermal treatment 

of the purified oxidized GSs in alkaline aqueous solution resulted in cutting GSs 

to surface-functionalized GQDs with size in the range of 5-13 nm, heights 

between 1 and 2 nm, consisting of 1-3 layers. The GQDs emitted bright blue 

fluorescence, which was explained by the high concentration of free zigzag sites 

with a carbene-like triplet ground state [79]. Under acidic conditions, free zigzag 

sites are protonated, resulting in fluorescence quenching. Under alkaline, free 

zigzag sites are restored, inducing restoration of PL.  

Many approaches to prepare GQDs from GO are similar, the differences lay 

in the oxidation or reduction agents, solvents, temperature etc. In 2011, Shen et 

al. used hydrazine hydrates as reduction agent to prepare GQDs [80]. The 

synthesis process involved several steps, first refluxing GO in nitric acid at 70 °C 

for 24 h, then hydrothermal treating the mixture of GO and PEG1500N at 120 °C 

for 24 h, and finally reducing GO-PEG with hydrazine hydrates at 100 °C for 24 

h. The schematic diagram to shown the generation of GQDs was presented in 

Figure 1.9. The obtained GQDs with size distribution in the range of 5-19 nm 

(average 13.3nm). Strong blue PL under 365 nm excitation was observed with a 

fluorescence quantum yield of 7.4 %. This synthesis method was very time-

consuming and not efficient.  

 

Figure 1.9 Schematic representation of the GQDs preparation process involving 

the PEG1500N modification and N2H4 reduction steps (Adapted from [80]). 

In 2011, Zhu et al prepared GQDs from GO using a one-step hydrothermal 

method [81]. GO was decomposed to GQDs via hydrothermal in DMF at 200 °C 

for 5 h, during which DMF acted as both solvent and weak reduction agent. The 

production yield was about 1.6 %. The obtained GQDs showed average size of 
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5.3 nm, consisting of single- or bi-layer. Green fluorescence was emitted from 

GQDs under UV excitation and fluorescence quantum yield was measured to be 

11.4%. Noticeably, solvent also had effects on the emission colors of GQDs. 

Fluorescence of GQDs changed from blue to green in different solvents as shown 

in Figure 1.10. The solvent-dependent PL behavior was inferred to be related to 

attachment of solvent molecules to emissive traps on GQDs surface [78]. In 2016, 

Zhang et al followed the method and optimized reaction conditions including to 

ratio of GO to DMF, filling percentage and reaction time, finally GQDs emitting 

green fluorescence with quantum yield of 17.4% were obtained [82].  

 

Figure 1.10 Solvent-dependent PL emission spectra of GQDs (excited at 375 nm). 

Inset: photograph of GQDs dissolved in four different solvents (from left to right: 

THF, acetone, DMF and water) under UV light (Adapted from [81]). 

Apart from reduction conditions were beneficial for GQDs preparation, 

oxidation conditions also facilitate the generation of GQDs. In 2012, Wang et al 

treated GO dispersion with periodic acid at 50 °C for 24 h to obtain GQDs [83]. 

GQDs with size between 10-150 nm in lateral size were obtained using different 

concentration of periodic acid. Higher concentration of periodic acid resulted in 

smaller GQDs with higher oxidation degree, and blue-shifted fluorescence 

emissions as shown in Figure 1.11. However, using this method, the fluorescence 

quantum yield of GQDs were relatively low, less than 1 %. 
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Figure 1.11 Photograph of samples dispersions illuminated by UV lamp (365 nm). 

Sample S0-S4 were prepared in presence of periodic acid with concentration of 

0, 0.22, 0.88, 2.2, and 4.4 mol/L, respectively (Adapted from [83]). 

GO was the most widely used starting material for GQDs, since they are both 

derivations of graphene. There are also other starting materials that can be used 

to synthesize GQDs using top-down methods such as carbon black, carbon fibers, 

coal etc. In 2012, Dong et al prepared GQDs by refluxing CX-72 carbon black in 

HNO3 for 24 h [84]. Two batches of GQDs denoted as GQDs1 and GQDs2 were 

obtained after purificating the supernatant and sediment respectively. The two 

batches mainly differ in layer, GQDs1 were single-layered with average height 

of 0.5 nm and lateral size of 15 nm, GQDs2 were multi-layered (2-6 layers) with 

height between 1-3 nm and size of 18 nm. They were both composited of C, O, 

N, H, but GQDs1 have a higher oxygen content. Good crystallinity was observed 

from HRTEM images, XRD further demonstrated the existence of graphite 

structure due to the (002) plane diffraction peak. GQDs1 and GQDs2 emit green 

and yellow fluorescence under 365 nm excitation as shown in Figure 1.12, with 

fluorescence quantum yield of 2.68 %, 1.67 % respectively. 



20 

 

 

Figure 1.12 UV-vis absorption and PL emission spectra of GQDs1 and GQDs2. 

Inset: photographs of GQDs solutions under visible light (left) and 365 nm UV 

lamp (right) (Adapted from [84]). 

In 2012, Peng et al prepared GQDs by adding pitch carbon fibers to a mixture 

solution of concentrated H2SO4 and HNO3, followed by sonicating for 2 h then 

stirring for 24 h at temperature of 80, 100, 120 °C, respectively [85]. The obtained 

GQDs showed size in the range of 1-4 nm, consisting of 1-3 graphene layers. 

GQDs prepared at temperature of 120, 100, and 80 °C showed emission color of 

blue, green, and yellow emission, respectively as shown in Figure 1.13. The 

different PL color was attributed to the quantum confinement effect in small 

nanoparticles (1-10 nm) [86] because the gradually decreased size of GQDs with 

increasing the preparation temperature.  
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Figure 1.13 (a) Schematic illustration of preparing GQDs from oxidation cutting 

of carbon fibers. (b) UV−vis absorption spectra of GQDs A, B, and C, which were 

synthesized at temperature of 120, 100, and 80 °C, respectively. Inset: a 

photograph of the GQDs A, B and C under 365 nm UV lamp. (c) PL emission 

spectra of GQDs A, B, and C excited at 318, 331, and 429 nm, respectively 

(Adapted from [85]). 

In 2013, Ye et al have prepared GQDs from coal [87]. Bituminous coal, coke, 

and anthracite were sonicated in mixture solution of concentrated H2SO4 and 

HNO3, followed by heating at 100 or 120 °C for 24 h to synthesis b-GQDs, c-

GQDs, and a-GQDs, respectively. Using this method, the production yield of 

GQDs can be up to 10-20 %. The preparation illustration and the PL properties 

of the obtained GQDs were shown in Figure 1.14. b-GQDs had uniform size 

distribution with diameter of 2.96±0.96 nm; c-GQDs showed uniform size of 

5.8±1.7 nm; a-GQDs had larger size of 29±11 nm. All of them showed crystalline 

hexagonal structures. The difference in size and morphology was attributed to the 

different intrinsic morphologies of the starting coals. The blue shift of PL 

emissions with decreasing the size of GQDs was explained by the quantum 

confinement effect [88].  
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Figure 1.14 (a) Schematic illustration of the preparation of b-GQDs. (b) PL 

spectra of GQDs emitted at 345 nm; inset: photograph of GQDs under UV 

irradiation (Adapted from [87]). 

1.3.2. Bottom-up synthesis 

Carbonhydrates and organic small molecules are the most widely used 

starting material for bottom-up synthesis of CDs or GQDs. Bottom-up synthesis 

commonly needs mild reaction conditions and easy operations.  

1.3.2.4 Calcination methods  

In 2008, Bourlinos el al obtained CDs by thermal oxidation of citrate 

precursors as shown in [89]. Firstly the precursor ammonium carboxylate salt (-

NH3
+-OOC-) was obtained by protonating the amine groups of sodium 11-amino-

undecanoate [H2N-(CH2)10COO-Na+] with citric acid[HOOCCH2-

C(OH)(COOH)CH2COOH]. Then ionically modified CDs were produced by 

thermal oxidation of the citrate salt at 300 °C in air. The CDs had a nomimal 

composition of (C3.3O3H4)HN(CH2)10COONa. The core of the CDs was resulted 

from citrate. The amino carboxylate formed the shell of the CDs with high 

concentration of surface carboxylate groups, the schematic illustration of the 

structure of CDs was shown in Figure 1.15. TEM demonstrated the core-shell 

structure, the core has a size of 5-10 nm, the total size ranging from 10-20 nm. A 

lattice spacing of 3.8 A was observed from HRTEM, corresponding to (002) plane 

of graphite. The obtained CDs emitted blue fluorescence when excited by UV 

light with a fluorescence quantum yield of 3 %.  
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Figure 1.15 Representative Schematics of CDs prepared by calcinating 

oxidation of citrate precursors (Adapted from [89]). 

In 2010, Pan et al calcinated EDTA-2Na at 400 °C for 2 h in a N2 atmosphere 

to prepare CDs [90]. The obtained CDs showed diameter of 7.5 nm, but the 

average size of sp2 clusters in CDs were determined to be 3.8 nm, demonstrating 

that the CDs were composed of small sp2 clusters embedded in a disordered sp3 

carbon matrix. The CDs emitted bright blue fluorescence with a PL spectrum 

centered at 400 nm when excited by UV light at 320 nm as shown in Figure 1.16. 

The fluorescence quantum yield of CDs was measured to be 31.6 %, which can 

be further increased to 36.2 % and 40.6 % upon annealing in N2 and air. 
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Figure 1.16 UV-vis absorption spectrum and PL emission spectrum (excited at 

320 nm) of CDs solution. Insert: photographs of the CDs solution under visible 

light (left) and UV light (right) (Adapted from [90]). 

1.3.2.5 Pyrolysis methods 

In 2011, Liu et al fabricated mono-dispersed GQDs from Hexa-peri-

hexabenzocoronene (HBC) [91]. HBC is regarded as nanoscale fragments of 

graphene [92], it shows large polycyclic aromatic structure and has thermal 

stability with tendency to self-assembly by stacking. The HBCs with columnar 

stacking structure formed through self-assembly were pyrolyzed to prepare 

artificial graphite at temperature from 600-1200 °C. In the next step to prepare 

GQDs, they used a similar method to Shen et al, as mentioned in section 1.3.1.3 

[80]. GO was first synthesized from artificial graphite via a modified Hummers 

method. After pegylation and reduction by hydrazine hydrate, GQDs were 

obtained. In the first stage, formation of artificial graphite from HBCs was 

bottom-up, but in the next stage, the preparation of GQDs from artificial graphite 

was top-down. Overall, from the prime starting material HBC to the final product 

GQDs, it was a bottom-up fabrication process. The whole fabrication process was 

shown in Figure 1.17 (a). The obtained disk-like GQDs showed diameter of ~60 

nm and thickness of 2-3 nm. The large sized GQDs emitted blue fluorescence 

with a fluorescence quantum yield of 3.8 % as shown in Figure 1.17 (b).   



25 

 

 

Figure 1.17 (a) Schematic diagram of the process of fabricating GQD from HBC. 

(b) UV-vis absorption spectrum and PL spectra excited in the range of 320 to 480 

nm; inset: photograph of GQDs under UV light excited at 365 nm (Adapted from 

[91]). 

In 2012, Dong et al obtained GQDs and GO through pyrolysis of citric acid 

(CA) [93]. Briefly, CA was heated at 200 °C in a beaker, the solid CA was liquated 

and the liquid color gradually turned from colorless to pale yellow, and then 

orange within 30 min, indicating the formation of GQDs. If kept heating until the 

solid turned to black, meaning the formation of GO. As a result, the incomplete 

carbonization of CA generated GQDs, which emitted blue fluorescence. While, 

the complete carbonization of CA leaded to production of GO, which showed 

enhanced absorption in the UV-vis range but faint fluorescence. The formation 

mechanism and the PL properties of GQDs and GO were shown in Figure 1.18. 

The GQDs had sheet structure of 15 nm in lateral dimension and average height 

of 1.4 nm. Both GQDs and GO showed graphite structure, demonstrated by XRD 

results. 
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Figure 1.18 (a) Schematic diagram of formation of GQDs and GO by tuning the 

carbonization degree of citric acid. Absorption, excitation, emission spectra of 

GQDs (b), and GO (c); Insets: PL emission spectra with varing exciations (top); 

photographs of GQDs/GO under visible light and UV light (bottom) (Adapted 

from [93]). 

In 2013, Wu et al prepared GQDs by pyrolysis of L-glutamic acid [94]. 

Briefly, L-glutamic acid was pyrolyzed in a glass bottle at 220 °C until the solid 

melted to liquid and liquid turned brown, followed by adding water and stirring. 

Finally, GQDs were collected from the supernatant of the solution via 

centrifugation. GQDs formation and PL spectra were shown in Figure 1.19. The 
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obtained GQDs showed high crystallinity with lattice spacing agreed with 

graphite. The average diameter of the GQDs was 4.66±1.24 nm. GQDs emitted 

strong fluorescence peaked at 440 nm with fluorescence quantum yield of 54.5 %. 

Noticeably, the GQDs also showed emissions in NIR range between 800-850 nm 

under UV excitation, though the PL intensity ratio of 815 nm to 440 nm was only 

0.2. 

 

Figure 1.19 (a) Schematic illustration of preparing GQDs by pyrolysis of L-

glutamic acid. (b) UV-vis absorption (curve a), excitation (curve b), and emission 

(curve c) spectrum of GQDs; inset: photographs of GQDs under visible light, UV 

light, blue light, and green light (from left to right). (c) PL emission spectrum of 

GQDs in the visible-NIR region when excited at 360 nm (Adapted from [94]).  

1.3.2.6 Chemical routs in solution 

In 2009, Peng el.al produced CDs from carbohydrates as shown in Figure 

1.20 (a) [95]. Carbohydrates such as glucose, sucrose, or starch were firstly 

dehydrated by concentrated H2SO4, then black carbonaceous powder were 

collected after centrifugation. HNO3 was further used to reflux the preliminary 

carbonaceous powder for 12 h. For the surface passivation, 4,7,10-trioxa-1,13-

tridecanediamine (TTDDA) was heated with CDs at 120 °C for 72 h under N2. 

Regardless of CDs or TTDDA surface passivated CDs, dialysis was the main 
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purification method. The surface passivation enhanced both the absorption and 

the fluorescence emission of CDs as shown in Figure 1.20 (b,c), also increased 

the fluorescence quantum yield from 1 % to 13 %. The enhanced PL properties 

was ascribed to surface passivation that stabilized the emissive surface energy 

traps.  

 

Figure 1.20 (a) Schematic illustration of the preparation process of CDs from 

carbohydrates. (b) Absorption spectra of CDs (curve a) and TTDDA-passivated 

CDs (curve b). (c) PL emission spectra of CDs (curve a) and TTDDA-passivated 

CDs (curve b); inset: CDs under ambient light (left) and UV light at 365 nm (right)  

(Adapted from [95]). 

In 2014, Wang et al prepared GQDs on scale from pyrene using a water-phase 

molecular fusion method, which was based on that pyrene and substituted 

derivatives such as 1,3,6- trinitropyrene can form the primitive cell of graphene 

as shown in Figure 1.21 (a) [96]. The GQDs were perfect single crystals with 

controllable passivated edge sites. Pyrene was first refluxed in HNO3 at 80 °C for 

12 h, followed by filtering to remove acid to obtain the intermediate product 

1,3,6-trinitropyrene. Then, the 1,3,6-trinitropyrene was dispersed in NaOH 

solution and hydrothermal treatment at 200 °C for 10 h. Finally, the OH-GQDs 

were obtained with a product yield of 63 % after purification by centrifugation 
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and dialysis. The OH-GQDs emitted green fluorescence under UV light with a 

fluorescence quantum yield of 23 % as shown in Figure 1.21 (b). OH groups were 

demonstrated existing at edges of OH-GQDs rather than basal plane sites. The 

OH-GQDs showed average height of 1.47 nm, average lateral size of 3.5 nm. 

They also synthesized amine-GQDs using the similar method in presence of 

different alkaline species. Addition of ammonia with different amount can 

produce yellow-GQDs (y-GQDs) and cyan-GQDs (c-GQDs), while hydrazine 

hydrate can contribute to the formation of blue-GQDs (b-GQDs), the photographs 

of amine-GQDs were shown in Figure 1.21 (c). 

 

Figure 1.21 (a) Structural comparison of graphene with pyrene and 1,3,6-

trinitropyrene. (b) Preparation process of OH-GQDs and photographs of OH-

GQDs under visible light and UV light. (c). Photographs of amine-GQDs under 

visible light (left) and UV light (right), emitting blue, cyan, and yellow 

fluorescence, respectively (Adapted from [96]).  



30 

 

 

Figure 1.22 (a) Preparation routes of the RGB CDs from three different 

phenylenediamine isomers (i.e.,oPD, mPD and pPD). (b) Photographs of m-CDs, 

o-CDs, and p-CDs dispersed in ethanol under visible light (left), and 365 nm UV 

light (right) (Adapted from [97]). 

In 2015, Jiang et al developed a simple method to synthesize multicolor 

fluorescent CDs from three different phenylenediamines isomers (oPD, mPD, 

pPD) [97]. oPD, mPD, pPD was heated in ethanol solution at 180 °C for 12 h and 

followed by purification using a silica gel column chromatography to collect 

green, blue and red emission CDs, respectively, as shown in Figure 1.22. The UV-

vis spectra of the resulted CDs and source PD were compared, found red shift of 



31 

 

absorbance band in CD, demonstrating that CDs have smaller electronic 

bandgaps than PDs. Excited by their optimal excitation light, fluorescence 

quantum yield of all the three types of CDs reached up to 17.6-26.1 %. TEM 

showed average size of about 6 nm for m-CDs, 8.2 nm for o-CDs, and 10.0 nm 

for p-CDs. The nitrogen content were determined to be 3.69 % for m-CDs, 7.32 % 

for o-CDs and 15.57 % for p-CDs. It was believed that the different factors – size 

and nitrogen content – should be responsible for the different PL characteristics 

of these three CDs.  

 

1.3.2.7 Microwave methods 

In 2009, Zhu et al prepared CDs by heating the mixture solution of PEG-200 

and saccharide (glucose, fructose, et al) in a microwave oven for 2-10 min  [98]. 

The preparation process and the PL properties of the resulted CDs were shown in 

Figure 1.23. CDs in sample A and sample B showed narrowly distributed 

diameter of 2.75±0.45 nm and 3.65±0.6 nm, and fluorescence quantum yield of 

6.3% and 3.1%, respectively, demonstrating that longer heating time contributed 

the formation of larger particles and decreased fluorescence. Besides, red-shift of 

PL was also observed in sample B, which may be due to the quantum confinement 

effects. In a control experiment, the CDs synthesized without PEG passivation 

showed poor PL, illustrating the important role of surface passivation in strong 

photoluminescence.  
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Figure 1.23 (a) Schematic demonstration of preparation process of CDs from 

saccharide and PEG-200. Sample A and B were CDs prepared for heating of 5 

min and 10 min, respectively. Absorption spectra and PL emission spectra of 

sample A (b), and sample B (c) (Adapted from [98]).  

In 2011, Wang et al. tried the similar microwave method to prepare CDs from 

glycerol instead of carbohydrates with the assistance of a small amounts of 

phosphate solution and without the presence of surface passivation agents, the 

reaction was performed in a microwave oven within 14 min [99]. A small amount 

of inorganic ions such as phosphate, NaCl, or H2SO4 etc. were necessary in the 

formation of CDs, they also accelerated the carbonization process [100,101] 

Using glycerol and  phosphate solution as starting materials, the obtained CDs 

showed height of 1.1± 0.42 nm and 2.1±0.76 nm for microwave heating of 7 min 

and 14 min, respectively. The heating time mainly affected the size and 

fluorescence intensity. The amount and valence of the inorganic salts had more 

significant effect on fluorescence quantum yields, the highest QY was reported 

to be 9.5 % when using CuSO4 as the catalyst.  

In 2012, Tang et al. prepared GQDs with deep UV emissions by microwave-

assisted hydrothermal treatment of glucose solution without any inorganic salts 

or passivation agents [102]. As shown in Figure 1.24 (a), the formation of GQDs 
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involved several stages including the pyrolysis of glucose to form the nuclei, the 

growth at surface to increase the size of particle and form self-passivated layer. 

The obtained GQDs were demonstrated with high crystalline graphite structure. 

They have investigated the influence of source concentration, heating time and 

microwave powder on the size and PL properties of GQDs, and found that low 

source concentration, short heating time and low microwave power lead to small 

GQDs with diameter less than 10 nm, while the opposite conditions resulted in 

GQDs with diameters between 10 and 21 nm. However, the PL properties were 

size-independent as shown in Figure 1.24 (b), which was ascribed to the self-

passivated layer on surface of GQDs. The fluorescence quantum yield were in 

the range of 7-11 %. 

In 2014, Wang et al synthesized single-crytalline GQDs based on a water 

phase molecular fusion method using pyrene (C6H10) as precursor [96]. GQDs 

with hydroxyl groups bonded at edge sites emit green fluorescence, with 

fluorescence quantum yield of 23 %. GQDs functionalized with amine groups on 

edge sites can emit blue to yellow fluorescence through adjusting the alkaline 

species and reaction duration. The cyan GQDs have a high fluorescence quantum 

yield up to 45 %. This method can be used to prepare single-crystalline GQDs on 

scale because of the high product yield up to 63 %.  
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Figure 1.24 (a) Schematic illustration of the formation process of GQDs prepared 

via a microwave-assisted hydrothermal method. (b) Photographs of GQDs 

solutions under visible light (top) and 365 nm UV lamp (bottom). The GQDs 

were prepared with 11.1 wt % glucose solution for heating of 1-11 min in a 

microwave oven at 595 W (Adapted from [102]). 
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1.3.3. Composition and structure 

CDs or GQDs are composed mainly of C, H and O, and a small fraction of 

other elements such as N, S etc. Compared with raw materials, the synthesized 

CDs or GQDs show very different elemental contents. CDs prepared from candle 

soot contain C of 36.79 %, H of 5.91 %, N of 9.59% and O of 44.66 %. The 

elements fraction for candle soot is C 91.69 %, H 1.75 %, N 0.12 %, O 4.36 %. 

The largely increased oxygen content is due to the large amounts of oxygen-

containing groups existing on CDs [74]. GQDs and GO prepared from pyrolyzing 

CA show increased carbon content and decreased oxygen content compared with 

CA, as shown in Table 1, which is resulted from the dehydration and 

carbonization occurred during the formation of GQDs and GO. The higher 

content of carbon in GO than GQDs is agreement with the higher carbonization 

degree.  

Table 1 Elemental composition of CA, GQDs and GO (Adapted from [93]).  

 

Oxygen exists as oxygen-containing functional groups in CDs or GQDs, such 

as carbonyl groups, carboxyl groups and hydroxyl groups etc., which have been 

demonstrated by the absorption peaks in fourier-transform infrared spectroscopy 

(FTIR) spectra. The peaks at 1717 cm-1 indicates the existence of C=O, the 

absorption peak at 3444 cm-1
 is ascribed to –OH group, peak at 1402 cm-1 is 

assigned to –OH group deformation, and peak at 1623 cm-1 corresponds to C=C 

stretch, as shown in Figure 1.25 [103]. Solid-state 13C NMR spectrum also 

verified the existence of C=C bonds and C=O bonds [74]. 

Most CDs or GQDs have a narrow size distribution with lateral size within 

10 nm, and height around 1 nm. Some approaches also produced fluorescent CDs 

or GQDs with size up to tens of nanometers. The CDs separated from purification 

process of SWCNTs have lateral diameter of 18.0±0.4 nm, vertical size of 

1.02±0.03 nm [63]. CDs produced by Wang et al using from candle soot have a 
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size of 20–100 nm, height of 3.0 nm [103]. Disk-like GQDs prepared from HBC 

showed diameter of 60 nm and thickness of 2-3 nm [91].  

 

Figure 1.25 FTIR spectra of candle soot (a) and CDs (b). The absorption peak 

wavelengths are indicated (Adapted from [103]). 

The crystalline structure is demonstrated by high resolution transmission 

electronic microscopy (HRTEM) and X-ray diffraction (XRD) pattern. Most CDs 

and GQDs with crystalline structure have been demonstrated with lattice spacing 

close to that of graphite. Lattice spacing of 3.4 Å corresponds to (002) plane of 

graphite as shown in Figure 1.26 [68,75,103], lattice spacing of about 2.5 Å 

agrees with (001) facet of graphite [104], both of them demonstrated most CDs 

or GQDs possess graphite structure. There are also exception that Hu et al have 

demonstrated their CDs prepared from laser irradiation of carbon powder 

suspension showed diamond structure instead of graphite structure [62]. GQDs 

prepared from bottom-up fusion of polycyclic aromatic hydrocarbon (PAH) 

molecules are the first reported to possess single-crystalline structure [96]. As 

shown in Figure 1.27, despite of the different functionalization of GQDs (g-

GQDs are OH-GQDs; b-GQDs, c-GQDs, and y-GQDs are all amine-GQDs), all 

show high quality single-crystalline structure. From the HRTEM, the benzene 

rings arranged in a hexagonal honeycomb carbon network can be clearly 

distinguished.  
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Figure 1.26 HRTEM images of CDs prepared from electrochemical breakdown 

of MWCNTs (Adapted from [68]).  

 

Figure 1.27 HRTEM images of g-GQDs (a), b-GQDs (b), c-GQDs (c), and y-

GQDs (d) prepared from fusion of pyrene (the preflixes represent their emission 

colors: green, blue, cyan and yellow); insets: FFT patterns. Scale bar, 1 nm 

(Adapted from [96]). 

Raman spectroscopy can be used to evaluate the crystalline quality of CDs. 

The characteristic raman bands for graphene and its derivative samples include 

the D band at 1361 cm-1 relating to sp3 carbon, G band at 1580 cm-1 relating to 

the in-plane vibration of sp2 carbon atoms, and 2D band at 2683 cm-1 to identify 

single or bilayer graphene [105,106]. Besides, the intensity ratio (IG/ID) is often 

used to correlate the structural purity of the graphite [75]. For CDs and GQDs, D 

band and G bands are frequently observed in Raman spectra, demonstrating 

carbon dots consist of mixture of sp2 carbon and disordered carbon 

[64,68,70,75,103,104]. The values of IG/ID for the single-crystalline GQDs are in 

the range of 1.03 to 1.2, demonstrating good graphite structure with few defects 

[96].  
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1.3.4. Photoluminescence properties 

CDs and GQDs show strong absorption below 300 nm, which is ascribed to 

the π-π* transition of aromatic sp2 domain [70,78,107]. They usually have strong 

optical absorption in the UV region, and tailed to the visible range. Pan et al 

obtained GQDs from hydrothermal treatment of oxidized graphene sheets (GSs), 

the PL properties are shown in Figure 1.28 [78]. The GQDs show red-shifted PL 

with increasing of excitation wavelength, the excitation-dependent PL behavior 

is common in CDs and GQDs [78,80,91,108,109]. The excitation-dependent PL 

behavior is explained by the distribution of different sized CDs or GQDs and 

different emissive sites on GQDs. But occasionally, excitation-independent PL 

behaviors of GQDs were observed [67,92,113]. Dong et al thought the 

phenomenon is resulted from uniform size and surface state of sp2 clusters in 

GQDs [92], whereas, Zhuo et al ascribed it to the self-energy corrections effects 

induced by the tiny graphene nanoribbons-like protrudent structure on the edge 

of GQDs [113]. 

The generation of PL can be regarded as an irradiation decay of activated 

electrons from the lowest unoccupied molecular orbital (LUMO) to the highest 

occupied molecular orbital (HOMO). CDs and GQDs are mixture of sp2- and sp3- 

hybridized carbon, the π states of the sp2 sites is predominant in determining the 

optoelectronic properties [110]. PL originates from the recombination of 

electron–hole (e–h) pairs, localized within small sp2 carbon clusters embedded 

within an sp3 matrix. According to Gaussian and time-dependent density 

functional theory, Eda et al have elucidated the relationship of energy gap 

between HOMO and LUMO and and number of aromatic rings in an isolated sp2 

cluster [111], as demonstrated in Figure 1.29. It reveals that the bandgap energy 

decreases with increasing of the number of aromatic rings in an isolated sp2 

cluster.  
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Figure 1.28 (a) UV–vis absorption spectra of oxidized GSs and GQDs, and PL 

spectrum of GQDs excited by 320 nm UV light; Inset: Photograph of GQDs 

aqueous solution under ambient light. (b) PL emission spectra of GQDs at 

excitation wavelength from 320 to 420 nm. (c) PL excitation (PLE) spectrum 

(emission fixed at 430 nm) and PL spectrum (excitation fixed at 257 nm) of GQDs; 

Inset: Photograph of GQDs aqueous solution under UV light. (d) The trend to 

show PL of GQDs changed when pH is switched between 1 and 13 (Adapted 

from [78]).  

In single-crystalline GQDs, PL spectrum shifts to longer wavelength with the 

increasing of lateral size of GQDs, as shown in Figure 1.30, which is consistent 

with the bandgap change with size of sp2 cluster. GQDs prepared from carbon 

fibers show decreased size with increasing of reaction temperature, the GQDs 

sample synthesized at 80, 100, 120 °C emit yellow, green and blue fluorescence, 

respectively, as shown in Figure 1.31 [85]. The tuned PL is size-dependent, which 

is also resulted from energy gaps in GQDs change with different size and nature 

of sp2 sites [83–85]. The size-dependent tunable fluorescence properties have also 

been observed in GQDs prepared from periodic acid treatment of GO and GQDs 

derived from CX-72 carbon black [83,84].   
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Figure 1.29 The relationship between the energy gap of π–π* transition and 

number of aromatic rings in a graphene molecule. Inset: structures of the 

graphene molecules containing different amount of aromatic rings (Adapted from 

[111]). 

 

Figure 1.30 PL spectra of amine-GQDs emitting blue, cyan and yellow 

fluorescence (from left to right), respectively. The corresponding lateral size is 

3.8±0.5, 2.9±0.5, 2.6±0.6 nm, respectively (Adapted from [96]). 
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Figure 1.31 (a) UV−vis spectra of GQDs synthesized at temperature of 120 (A), 

100 (B), and 80 °C (C), respectively; Inset: photograph of the corresponding 

GQDs under 365 nm UV light. (b) PL spectra of GQDs A, B and C excited at 

wavelength of 318, 331, and 429 nm, respectively. (c) Relationship between the 

energy gap and the size of GQDs (Adapted from [85]). 

The influence of interplay between size and shape on PL of GQDs is clarified 

by Kim et al [112]. The shape of GQDs changes from circle to ellipse to polygon 

with increasing of size is shown in Figure 1.32. Circular/elliptical GQDs consist 

of both zigzag and armchair edges, while polygonal GQDs mainly consist of 

armchair edges. That is, shape and edge-states show size-dependent interplay. 

The average height also increase with size. They found that absorption energy 

decrease with increasing GQD size, this phenomenon is consist with the quantum 

confinement effects. The fluorescence emission color can only be tuned from blue 

to green, irrespective of the size increasing from 5 nm to 35 nm. However, PL 

behaviors showed anomalous size dependence that PL peak energy decrease with 

GQD size increase when size smaller than 17 nm, while PL peak energy increase 

with size when size larger than 17 nm. This is attributed to the shape and main 

edge states transition at 17 nm sized GQDs. They also demonstrated oxygen-

containing groups existing on GQDs hardly affect the size-dependent PL 

behaviors of GQDs. 

GQDs prepared from hydrothermal treatment of oxidized GSs show PLE 

spectrum with two peaks at 257 nm and 320 nm, both of them are responsible for 

the fluorescence emission of GQDs. Pan et al proposed that the fluorescence of 

GQDs originates from the emissive free zigzag sites, which is a widely accepted 

mechanism for PL in GQDs [78,80,108,109]. In 2005, Radovic and Bockrath first 

proposed a structural model for GSs that carbene-like free zigzag sites with a 

triplet ground state and carbyne-like free armchair sites with a singlet ground state 
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are most common at free edges of GSs, free edges and functionalized edges 

coexist on GSs [79]. For carbene sites with triplet ground state denoted as σ1π1, 

σ orbital and π orbital are single occupied as shown in Figure 1.33 (c). According 

to Hoffman, the δE between the σ and π orbital should be below 1.5 eV [113,114]. 

Besides, the quenched PL in acidic conditions and restored PL in alkaline 

conditions is explained by the protonation of free zigzag sites of GQDs in acidic 

conditions, which further demonstrated the rationality of the free zigzag sites 

induced photoluminescence properties in GQDs. However, after GQDs are 

surface passivated with PEG, not only fluorescence quantum yield is enhanced 

but also more stable PL in solution of neutral pH is observed [80]. The triplet 

ground state of carbene-like free zigzag sites is also adopted to explain the up-

conversional PL induced by anti-Stokes shift observed in GQDs, as shown in 

Figure 1.34.  

 

 

Figure 1.32 HRTEM images of GQDs the show the major shapes and percentage 

taking up with increasing size of GQDs (Adapted from [112]). 

 

Besides, the surface chemistry of GQDs can play an important role in 

determining the PL of GQDs. Green fluorescence emission GQDs (gGQDs) 

synthesized from microwave treated GO have large amounts of oxygen-
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containing groups such as carbonyl groups, carboxyl groups, epoxy etc. due to 

the oxidation role of HNO3 when cutting GO into gGQDs. Further reduction of 

gGQDs by NaBH4 contributed to formation of blue fluorescence GQDs (bGQDs) 

as shown in Figure 1.35, though the size of GQDs was nearly unchanged [108]. 

It was demonstrated that epoxy and carboxylic groups on GO usually result in 

non-radiative recombination of localized electron–hole pairs [115]. As a result, 

the reduction process contributed to the increased energy difference in bGQDs 

than gGQDs, further induced the blue-shift of PL. On the other hand, changing 

surface chemistry of GQDs to suppress non-radiative process by passivating the 

initial epoxy and carboxylic can also induce PL blue-shift of GQDs [116]. 

 

Figure 1.33 (a) Mechanism of cutting oxidized GSs into GQDs in hydrothermal 

conditions. (b) Models to show the state changes of free zigzag edges of GQDs 

in acidic (right) and alkali (left) conditons. (c) Schematic illustration of electronic 

transitions of triple carbenes at free zigzag sites, which is responsible for 

photoluminescence of GQDs (Adapted from [78]). 
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Figure 1.34 Schematic illustration of various electronic transitions processes 

involving in normal PL and up-conversion PL of GQDs. Normal PL mechanisms 

in small sized GQDs (a) and large sized GQDs (b); Up-conversion PL 

mechanisms in large sized GQDs (c) and small sized GQDs (d) (Adapted from 

[80]). 

 

 

Figure 1.35 (a) Schematic illustration of the preparation route for gGQDs and 

bGQDs. UV-vis absorption spectra and PL spectra of gGQDs (b), and bGQDs (c); 

inset: photographs of gGQDs, and bGQDs taken under visible light (left) and UV 

light (right) (Adapted from [108]). 
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1.3.5. Cytotoxicity and biocompatibility 

1.3.5.1 Cellular uptake and Cytotoxicity 

When adding GQDs to cell culture medium, GQDs can be up-taken by cells 

and emit fluorescence in cell, which is the basis for bioimaging and intracellular 

biosensing. Researchers have found that GQDs with average lateral size of 20 nm 

are internalized by cells mainly through caveolae-mediated endocytosis, both 

energy-independent and energy-dependent pathways are involved [117]. After 12 

h incubation with MGC-803 cells, GQDs are found accumulated in cytoplasm 

and inside endoplasmic reticulum (ER), more GQDs enter cell nucleus with 

increasing of incubation time.  

The cytotoxicity of GQDs is often investigated by incubating cells in 

presence of various concentration of GQDs. Cell viability, lactate dehydrogenase 

(LDH) release level, intracellular reactive oxygen species (ROS) level are widely 

studied. Cells usually show GQDs dose-dependent decrease of cell viability after 

24 h incubation with GQDs. Several studies have found that when concentration 

of GQD reaches 200 μg/ml, the cell viability decreases to lower than 80 % as 

shown in Figure 1.36 [117,118]. However, the sensitivity to GQD varies with cell 

types. KB (epidermal) cells are more sensitive to GQDs than human breast cancer 

cell (MDA-MB231) and human epithelial cancer cell (A549), the viability of KB 

cell decreases to lower than 80 % when 50 μg/ml of GQDs are used. Besides, 

compared with tumor cells, normal MDCK cells (madin-darby canine kidney 

epithelial cells) are little influenced by GQDs, even at high concentration of 500 

μg/mL, which is explained by the less up-taken of GQDs by normal cells [119]. 

The LDH release level and intracellular ROS level show consistent results with 

cell viability. The increase of LDH release level with GQD concentration 

indicates cell membrane integrity is damaged, which is speculated from GQDs 

contacting with cell membrane. Increase of ROS level may be resulted from 

GQDs potential for singlet oxygen generation [119]. GQDs at low concentration 

(< 50 μg/ml) are reported induce negligible cell apoptosis and necrosis, but still 

showed dose-dependent apoptosis level with increasing concentration of GQDs 

[118,120]. All these results regarding to living cells point to the conclusion that 

low concentration of GQDs (usually less than 50 μg/ml) can be regarded nontoxic 

to cells, while bad effects to cells occur with increasing GQDs concentration. 
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PEGylation of GQDs seems a promising improvement to reduce the cytotoxicity 

of GQDs [120].  

 

Figure 1.36 Cell viability (a), LDH release level (b), and internal cellular ROS 

level (c) of Hela cells incubated with different concentrations of GQDs for 24 h 

(Adapted from [118]). 

1.3.5.2 Biodistribution and biocompatibility  

Zebrafish embryos are exposed to GQDs of different concentration at 

different hour post fertilization (hpf) to test the embryonic developmental toxicity 

of GQDs. GQDs fluorescence is mainly found in heart and intestines as shown in 

Figure 1.37, and GQDs accumulate mainly in cytoplasm of myocardial cells as 

shown in Figure 1.38. The heartbeats of zebrafish decrease with increasing 

concentration of GQDs, which is inferred to be related with GQDs accumulation 

in heart region. But at low concentration of 12.5 and 25 μg/ml, zebrafish 

heartbeats show little difference between the treated groups and the control group 

[118,121].  

 

Figure 1.37 GQDs uptake by zebrafish larvae at 120 hpf, control groups (A and 

B), GQDs treated groups (C and D), and corresponding fluorescence intensity 

histogram (E). GQDs treated groups show GQDs are localized in the intestines 

and heart region (Adapted from [121]). 
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Figure 1.38 Confocal fluorescence images of histopathological slices in heart 

region of zebrafish larvae, control group (a), treated with GQDs of 100 μg/ml (b),  

and 200 μg/ml (c). Fluorescence of GQD is found in cytoplasm of myocardial 

cells (Adapted from [118]). 

In addition, exposing to GQDs increases the mortality and decreases the 

hatchability in a concentration-dependent manner, which indicates GQDs can 

induce embryonic developmental toxicity and developmental delay. High 

concentration of GQDs (>50 μg/ml) has persist effects on zebrafish larvae that 

their locomotor activities are changed, may be resulted from GQDs disturbing 

neurobehavior of larval zebrafish. The zebrafish embryo experiments conclude 

that low concentrations of GQDs (12.5 μg/ml and 25 μg/ml) are relatively non-

toxic. However, GQDs with concentration exceeding 50 μg/ml disrupt the 

progression of embryonic development and the toxicity of GQDs cannot be 

ignored. Nevertheless, compared with CdTe QDs, GQDs show less toxicity [121].  

To fully understanding the biocompatibility of GQDs, GQDs are injected into 

tumor bearing mice. Regardless of the intravenous injection or intraperitoneal 

injection, there is no difference in biodistribution and clearance of GQDs. For 

pure GQDs with size of 5 nm injected into mice, GQDs distribute over the entire 

body through systematic circulation and are found in different organs (liver, 

spleen, heart, lung, kidney, tumor) up to 12 h as shown in Figure 1.39. While for 

PEG-GQDs (size of 3-5 nm), they accumulate mainly in kidney and tumor sites. 

The tumor site accumulation of GQDs is due to the Enhanced Permeability and 

Retention (EPR) effect [122]. Whatever the pure GQDs or PEG-GQDs, they have 

been demonstrated excreted from animal body through kidney [119,120].  
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Figure 1.39 (A) In vivo fluorescence images of KB tumor bearing mice after 

intravenous injection of GQDs (5 and 10 mg/kg). (B) Fluorescence images of 

isolated organs from mice after 24 h injection of pure GQDs. (C) PL intensities 

extracted from isolated organs at different injection dosages of GQDs (5 and 10 

mg/kg) (Adapted from [119]). 

In vivo toxicity of GQDs is tested by multiple-dosing, which simulates 

clinical drug administration protocols. Hematology analysis is conducted to show 

whether GQDs will affect the immune system or induce inflammatory response. 

Though the value of white blood cells (WBCs) is higher in pure GQDs treated 

groups than the control group, but lower in PEG-GQDs than control groups, the 

fluctuations are within the normal range. Besides, serum biochemistry study 

shows that the kidney function indicators and hepatic factors of GQDs treated 

groups and PEG-GQDs treated groups both fluctuate within normal range, 

demonstrating no obvious signs of kidney or liver injury caused by GQDs or 

PEG-GQDs. The organs are sliced and histologically examined, showing no 
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severe toxicity but moderate pathological changes when pure GQDs are applied 

to mice at a higher concentration (10 mg/kg) [119]. In contrast, when PEG-GQDs 

with concentration up to 20 mg/kg are injected to mice, no signs of tissue damage 

are found in organ slices, which may further demonstrate that PEG improved the 

biocompatibility of GQDs [120]. In conclusion, GQDs with small size (about 5 

nm) can passive target tumor and their fluorescence can be found in major organs, 

but they can be metabolized via kidney and finally excreted via urine over time. 

No inflammation or acute toxicity was induced by GQDs, however the chronic 

tissue damage caused by GQDs accumulation after multiple injections should be 

taken care. Currently, PEG functionalization seems a good way to decrease the 

cumulative toxicity of GQDs, maybe the PEG can facilitate the clearance of 

GQDs from animal body.  

1.4. Application of CDs and GQDs in sensing and imaging       

1.4.1. Fluorescent sensors 

1.4.1.1 Chemicals sensing 

Because of the large amounts of π-systems, carboxyl groups and hydroxyl 

groups present on GQDs, some metal ions can interact with GQDs easily and 

induce fluorescence quenching via electron transfer from GQD to metal ions. The 

decrease of fluorescence is linear related to the amounts of metal ions in certain 

range, thus, based on this phenomenon, GQDs are frequently used to 

quantitatively detect metal ions.  

Huang el al have summarized the interaction between transition metal ions 

and GQDs, and classified the metal ions to three types: the non-quenching group, 

the quenching-recovering group and the quenching-non-recovering group as 

shown in Figure 1.40 [123]. Metal ions with empty or completely filled d orbits 

cannot quench fluorescence of GQDs. While, metal ions with partly filled d orbits 

are capable of quenching fluorescence of GQDs. EDTA, as a commonly used 

agent to chelate metal ions, can release metal ions from surface of GQDs because 

of their higher affinity to metal ions than GQDs, restoring fluorescence of GQDs. 

Under some circumstances, metal ions such as Fe3+, Cr3+and Ru3+ cannot be 

desorbed from GQDs by EDTA. Several reasons are proposed for the quenching-

non-recovering effect. 1) The strong interaction between metal ions and hydroxyl 
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groups of GQDs makes it difficult for EDTA to dissociate them. 2) The inner filter 

effect caused by overlapping of the absorption of metal ions in the range of 

excitation or emission bands of GQDs. 3) Apart from hydroxyl groups, Fe 3+ also 

chelate with π electrons, C=O groups, making GQDs layer aggregation, thus, the 

steric hinderance prevents EDTA to interact with Fe3+.  

 

Figure 1.40 Schematic diagram to show the groups of metal ions that perform 

distinctly in quenching and recovering fluorescence of GQDs (Adapted from 

[123]). 

Though the general rule of metal ions detection by GQDs has been 

illuminated by Huang et al, exceptions exist for GQDs doped with heteroatoms 

or functionalized. When sensing Fe3+ by the dopamine-functionalized GQDs 

(dopamine-GQD), the interaction between Fe3+ and dopamine-GQDs is 

irreversible because of the oxidation of catechol to o-semiquinone by Fe3+ [124]. 

When sulfur-doped GQDs (S-GQDs) are used in Fe3+ detection, EDTA can 

readily attack Fe3+ to release S-GQDs. Hence, the S-GQDs-based fluorescent 

probe could be regenerated [125]. Similar results are also observed in 

GQD/polystyrenic anion-exchange resin [126]. Sometimes, GQDs can even 

achieve more than one metal ion detection if switching the fluorescence window. 

Xu et al found that GQDs can detect Fe3+ as well as Pb2+ if appropriate excitation 

channel is selected [127]. Using the label free GQD-based methods to detect Fe3+, 
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detection limits ranging from nanomolar to milimolar have been obtained 

[83,124–128]. Apart from detection in solution, Zhang et al used GQDs to 

semiquantitatively image intracellular Fe3+ of Hela cells [129].  

Similar to Fe3+ detection, the concentration of Al3+ can also be quantified by 

the fluorescence decrease of N-GQDs with a linear detection range of 2.5-75 uM 

and detection limit of 1.3 μM [130]. Besides, Au3+ can be reduced to gold 

nanoparticles (AuNPs) by GQDs, then the fluorescence of GQDs can be 

quenched by AuNPs due to fluorescence resonance energy transfer (FRET). 

Based on this process, a “turn-off” fluorescent probe for Au3+ detection was 

developed based on GQDs, with a detection range of 1-80 μM and LOD of 0.5 

μM [131].  

Heavy metal ions detection is of greater significance because of their hazard 

to health and environment. Sulfur-doped GQDs (S-GQDs) have been 

demonstrated with ability to selectively and sensitively detect Pb2+. This is 

resulted from the fluorescence quenching caused by Pb2+ ions binding with S and 

O functional groups of S-GQDs [132]. Herein, the S atoms in GQDs are vital for 

Pb2+ detection, because as-synthesized pure GQDs have no response to Pb2+. In 

many studies, elaborate designs are needed for GQDs to develop Pb2+ nanoprobes.   

Xi et al constructed a GQD-based fluorescent sensor for Pb2+ [133]. The 

detection mechanism is schematic illustrated in Figure 1.41. GQDs were 

functionalized with 3,9-dithia-6-monoazaundecane (DMA) to form DMA-GQDs. 

Pb2+ promoted the formation of a rigid structure involving DMA-GQDs, 

tryptophan and Pb2+ owing to the following reasons. 1) Pb2+ coordinated with 

carboxylate groups and indole rings of tryptophan, 2) Pb2+ coordinated sulfur 

atoms of DMA, 3) π- π stacking occurred between indole rings of typtophan and 

aromatic rings of GQDs. Pb2+ acted as a cross-linker to facilitate the interaction 

between tryptophan and DMA-GQDs, leading to the fluorescence enhancement. 

The fluorescence enhancement showed linear relationship with concentration of 

Pb2+ in the range of 10-11-10-9 M with a detection limit of 9 pM. Besides, this 

assay was further conducted in rat brain microdialysates, the obtained 

concentration of Pb2+ agreed with ICP-AES results, demonstrating a facile and 

direct approach for determining the concentrations of Pb2+ in rat brain.  
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Figure 1.41 Schematic representative of the Pb2+ sensing mechanism based on 

the GQD-DMA-tryptophan compound system (Adapted from [133]). 

Another frequently used strategy in Pb2+ detection is based on the catalytic 

hydrolysis of the oligonucleotide resulted from Pb2+ binding to a DNAzyme [134]. 

In a “turn-on” fluorescence sensor for Pb2+ detection, catalytic single-strand DNA 

linked to AuNP, while its combined strand connected to GQD. The close 

proximity between AuNP and GQD leaded to fluorescence quenching of GQDs 

via FRET as shown in Figure 1.42 [135]. Once addition of Pb2+ to the system, 

Pb2+ can specifically cleave the catalytic DNA single-strand, resulting in the 

separation of GQDs and AuNPs. As a result, the recovery of fluorescence can be 

a signal to reflect the concentration of Pb2+. Using this method, a broad dynamic 

range of 50 nM–4 uM with a detection limit of 16.7 nM have been obtained.  

 

Figure 1.42 (a) Schematic illustration of Pb2+ detection mechanism based on 

FRET between GQDs and AuNPs. (b) The conjugation structure between GQDs 

and AuNPs formed by hybridization of DNA sequence. (c). Schematic of cleaving 

the DNA molecules to separate AuNPs and GQDs (Adapted from [135]). 
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The interactions between thiols and heavy metal ions such as Pb2+ Hg2+ are 

often taken advantage to design sensors. Diethanol amine-functionalized GQDs 

(GQD-DEA) were prepared to detect aminothiols as shown in Figure 1.43 [136]. 

Pb2+ was incorporated into the GQD-DEA due to the binding affinity of DEA 

towards transition metal ions. The incorporation of Pb2+ didn’t affect the 

fluorescence of GQD-DEA until the addition of aminothiols such as cysteine, 

homocysteine and glutathione. Aminothiols have stronger interaction with Pb2+, 

leading to the dissociation of Pb2+-GQD-DEA conjugate. The fluorescence 

quenching of GQD-DEA is ascribed to the inner filter effect (IFE) that the 

absorption of the aminothiol-Pb2+ complex overlaps with the excitation band of 

GQD-DEA. By virtue of this approach, the linear detection ranges for cysteine, 

homocysteine and glutathione are 50−600 μM, 50 μM–1mM, 100 μM–2 mM, 

respectively.  

 

Figure 1.43 (a) Schematic diagram to show the preparation of GQD-DEA; (b) 

Schematic illustration of the sensing mechanism of cysteine based on GQD-

DEA-Pb2+ complex structure (Adapted from [136]). 
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The detection of Hg2+ and biothiols is often presented in pair because of the 

well-known specific interaction between them. In brief, in a typical GQD-based 

sensor for detection of Hg2+ and biothiols, the adsorption of Pb2+ can quench 

GQDs, “turn-off” the fluorescence. Addition of biothiols to the GQD-Pb2+ 

complex can liberate GQDs because of the strong interaction of biothiols and 

Hg2+, “turn-on” the fluorescence of GQDs. Accordingly, the switch of GQDs 

states can be utilized to sensor both Hg2+ and biothiols. Taking advantage of this 

manner, Li et al have achieved detection limits for Hg2+ and Cys are 0.439 nM 

and 4.5 nM [137], the mechanism is shown in Figure 1.44; Yan et al have 

achieved detection limits for Hg2+, cysteine, glutathione are 32nM, 0.036 mM 

and 0.034 mM, respectively [138].    

    

Figure 1.44 Schematic of fluorescence switching of GQDs by Hg2+ and Cys 

(Adapted from [137]). 

Apart from metal ions, GQDs have also been frequently applied to detect 

other ions and chemical species. The free residual chlorine in treated water can 

quench the bright fluorescence of GQDs by oxidative destroying the surface 

passivation of GQDs as shown in Figure 1.45, based on this, a simple chlorine 

sensor with detection limit of 0.05 uM is developed by Dong et al [139]. 2,4,6-

trinitrotoluene (TNT) can adsorb on GQDs via π-π stacking and electrostatic 

adsorption, contributing to fluorescence quenching of GQDs [140]. The 

fluorescence quenching of GQDs was resulted from two pathways, the FRET and 

charge transfer from GQD to TNT as illustrated in Figure 1.46. The GQDs can 

sensitively detect TNT down to 2.2 mM in solution. Besides, the fluorescence 

quenching of GQDs has been used as a signal to detect pesticide and dopamine 
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[141,142]. Glucose can interact with boron-doped GQD (B-GQD) to form 

aggregated B-GQD, the enhanced fluorescence can be a signal for glucose 

detection, the process is shown in Figure 1.47 [143].  

 

 

 

Figure 1.45 Schematic illustration of free chlorine quenching the fluorescence of 

GQDs (Adapted from [139]).  

 

Figure 1.46 (a) Schematic illustration of the FRET-based GQDs sensor for TNT 

detection. (b) Two possible mechanisms that may explain the fluorescence 

quenching of GQDs by TNT: (1) resonance energy transfer from GQDs to TNT ; 

(2) charge transfer from the excited GQDs to TNT (Adapted from [140]). 
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Figure 1.47 (a) Schematic of the molecular structure of B-doped GQDs (B-

GQDs). (b) Schematic of the mechanism behind the detection of glucose based 

on aggregation-induced PL increasing of B-GQDs (Adapted from [143]). 

1.4.1.2 Biosensing 

Unlike chemicals sensing, biosensing often involves the recognition and 

interaction processes between the recognition element of biosensor and target. 

For example, the hybridization between single-strand DNA (ssDNA) with 

complementary ssDNA/RNA, the interaction between aptamer and protein, 

antibody and antigen, enzyme and substrate have been frequently applied in 

developing biosensors. The specific interactions between biomolecules allow for 

the highly sensitive and selective detection of particular biomolecules. The 

principle of GQD-based fluorescent biosensors is reflect the existence and 

concentration of certain biomolecules according to change of fluorescence of 

GQD, which means fluorescence intensity or wavelength is the signal collected. 

Then through a calibration curve, the relationship between the fluorescence 

intensity or wavelength and the analytes can be obtained. Combining the high 

specificity of interactions between biomolecules and high sensitivity of 

fluorescence detection, GQD-based fluorescence biosensors play an important 

role in drug discovery, food safety, clinical treatment, disease early diagnosis and 

prognosis etc.  

Here we unfold the two strategies of developing GQD-based biosensors. The 

first class is based on ssDNA binding with ssDNA or protein, another class is 
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based on enzyme and substrate interactions.   

 

Figure 1.48 Schematic diagrams to show the design strategies of GQD-based 

FRET biosensors for detection of DNA, RNA etc.: (a) detection of single strand 

DNA based on FRET between GQDs donor and GO acceptor (Adapted from 

[144]); (b) simultaneous detection of multiplex DNA based on FRET between 

GQDs donor and SWCNTs acceptor (Adapted from [145]); (c) simultaneous 

detection of DNA and thrombin based on FRET between donor GQDs and 

acceptor GO (Adapted from [146]); (d) detection of S. aureus gene based on 

FRET from GQDs donor to AuNPs acceptor (Adapted from [147]); (e) multiple 

miRNA detection based on FRET from GQDs donor to dye acceptor (Adapted 

from [148]). 

Feng’s groups have developed GQD-based “on-off-on” biosensors for 

specific detection of target ssDNA [144]. The detection of ssDNA is achieved via 

three steps: first ssDNA probe was connected to GQDs. Then ssDNA 

functionalized GQD was absorbed on GO through electrostatic interaction and π-

π stacking, leading to fluorescence quenching of GQD by GO. At last step, in 

presence of target ssDNA, duplex DNA assembly formed via DNA hybridization 

between probe ssDNA and target ssDNA. The duplex DNA assembly were 

detached and liberated from GO, resulting in fluorescence recovery of GQD as 

shown in Figure 1.48 (a). Thus the recovered fluorescence can be the signal to 
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demonstrate the presence and concentration of target ssDNA. Taking advantage 

of bright fluorescence of GQD, efficient quenching capability of GO, specific 

recognition between probe and target, unique interaction and energy transfer 

between GQD and GO, the biosensor can detect DNA with a high sensitivity 

(Linear detection range: 6.7-46 nM. Detection limit: 75 pM) and high specificity 

(The biosensor very weaky responds to single-base mismatched target). Similarly, 

carbon nanotube can also adsorb GQD and quench fluorescence of GQD, it can 

be an alternative to GO in developing biosensors. Due to the specific base paring 

between probe ssDNA and target ssDNA, multiplex DNA detection have been 

achieved by Feng et al by conjugating different probe ssDNA to different colored 

GQD and carbon nanotube acted as the platform for adsorbing and quenching 

GQD as shown in Figure 1.48 (b) [145]. Beside, ssDNA not only hybridized with 

complementary ssDNA, some ssDNA sequence known as aptamer can also 

specifically recognize and bind with proteins. As a result, Feng et al attempted to 

simultaneous detection of target DNA and thrombin using a biosensing platform 

established by dual-colored GQD and GO as shown in Figure 1.48 (c) [146]. In 

these biosensors, fluorescence change of GQD is induced by the break of 

electrostatic interaction and π-π stacking after probe ssDNA hybridized with 

target ssDNA or protein, this strategy is very convenient and the quenching-

recovery process allows for a low background signal.  

Apart from the common adsorption-quenching-DNA hybridization-recovery 

route the design DNA biosensors, there are also other strategies to develop GQD-

based DNA/RNA biosensors. For example, the sandwich structure composed of 

capture probe ssDNA-GQD, reporter probe ssDNA-AuNP, and target ssDNA as 

shown in Figure 1.48 (d) [147] and molecular beacon composed of a hairpin-

structured DNA probe, which link to a GQD at one end and conjugate a quencher 

at another end as shown in Figure 1.48 (e) [148].   

Another main class of GQD biosensors are designed to detect enzyme 

depending on the enzyme-substrate reactions, which usually conduct in mild 

conditions with high specificity. In these designs, GQDs act as the transducer to 

transfer the enzyme activity into detectable signal in the form of fluorescence 

quenching/recovery or fluorescence transfer.  

Wang et al used GQD as the photoluminescent probes for sensing of casein 
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kinase II (CK2). In their design, substrate peptides were covalently conjugated to 

GQD [149]. After peptides were phosphorylated by CK2 with assistance of ATP,  

negatively charged phosphate groups were conjugated to the serine residues of 

the peptides. Then, adding Zr4+ induce aggregation of GQDs because of the 

coordinate covalent interaction between Zr4+ ions and the phosphate groups on 

the peptide−GQDs surfaces, the GQDs aggregation results in PL quenching as 

shown in Figure 1.49 (a). Using this method, they can probe the concentration of 

CK2 not only from the decrease PL signal, but also can be read from the enhanced 

light scattering signal, both of which contribute to a linear detection range of 0.1 

to 1 unit/mL. Besides, they have demonstrated the potential of their sensing 

method to be applied in protein kinase inhibitor screening in real biological 

system.  

Li et al have used cytochrome c (cyt c) to induce GQD self-assemble and 

quench fluorescence of GQD by the abundant Fe3+ in cyt c [150]. In presence of 

trypsin, trypsin can cleave cyt c and reduce Fe3+ to Fe2+, leading to fluorescence 

recovery of GQD as shown in Figure 1.49 (b). Using the recovered fluorescence 

of GQD as an indicator of trypsin concentration, the authors have reached a 

detection limit of trypsin to 33 ng/mL Another trypsin biosensor based on GQD 

was developed by Poon et al [151].Herein, they used BSA as both the substrate 

for trypsin and the linker between CMR2 (a coumarin derivative) and GQD. The 

construction of CMR2 and GQD linked by BSA has formed a FRET structure, 

where GQD with maxium emission at 460 nm acted as fluorescence donor and 

CMR2 with maxium emission at 520 nm acted as fluorescence acceptor. When 

excited by UV light at 360 nm, because of FRET effect, only green fluorescence 

from CMR2 can be observed. While in presence of trypsin, the linkage between 

GQD and CMR2 was cleaved due to BSA digested by trypsin, thus the emission 

peak of GQD at 460 nm recovered and emission peak of CMR2 at 520 nm 

decreased with increasing concentration of trypsin, and the fluorescence emission 

color gradually turn from green to blue as shown in Figure 1.49 (c). Using the 

rationale measurement to indicate the concentration of trypsin, they’ve achieved 

a detection limit of 0.7 μg/mL.  
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Figure 1.49 Schematic illustration of (a) CK2 kinase biosensor based on 

aggregation induced PL quenching of GQDs (Adapted from [149]); (b) Trypsin 

biosensor based-on fluorescence recovering of GQDs (Adapted from [150]); (c) 

Trypsin detection based on FRET from GQDs donor to CMR2 acceptor (Adapted 

from [151]).  

1.4.2. Fluorescence bioimaging 

CDs or GQDs without modification have been found easy to be internalized 

by many kinds of cancer cells, such as Hela cells [152,153], MCF-7 cells [84,154], 

MC3T3 cells [66,116], A549 cells [155], MG63 cells [156], T47D cells [85], MH-

S cells [94] etc.. Apart from cancer cells, GQDs have also been applied to label 

and image stem cells, which is previously known to be difficult to label efficiently. 

Zhang et al prepared yellow fluorescence GQDs from a electrochemical method 

and successfully labelled 3 kinds of stem cells -neurospheres cells (NSCs), 
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pancreas progenitor cells (PPCs) and cardiac progenitor cells (CPCs) using the 

GQDs, as shown in Figure 1.50 [157].  

CDs or GQDs can easily label cell membrane and enter cytoplasm, but in 

most cases they barely enter cell nucleis, which has positive significance in 

imaging of stem cells to avoid genetic interruption of cell differentiation [157]. 

Some researchers also found their CDs or GQDs can enter cell nucleis, which 

demonstrated that the nanoparticles are promising in drug/gene delivery [84].  

 

Figure 1.50 Confocal fluorescence microscopy images and bright field images of 

three kinds of stem cells labelled by GQDs: NSCs (a, b); PPCs (c, d); CPCs (e, 

f). The fluorescence was excited by 405 nm laser (Adapted from [157]). 
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Apart from the above mentioned non-specific cell labeling and imaging, CDs 

or GQDs can be functionalized with target ligands to achieve initiative cell 

targeting and more efficient cellular uptake. Hyaluronic acid (HA) is frequently 

used ligand to bind to CD44 (hyaluronan) receptor with high affinity [158,159]. 

Treating two cell lines MDCK cells and A549 cells both with GQD-HA and GQD, 

respectively, the larger amount of GQD-HA up-taken by A549 cells than MDCK 

cells is ascribed to the higher express level of CD44 in A549 cells than MDCK 

cells [160]. The enhanced cell uptake found in GQD-HA than GQD is attributed 

to the receptor-mediated endocytosis-based target delivery as shown in Figure 

1.51 [161,162]. 

 

Figure 1.51 Confocal fluorescence microscope images (left column), bright field  

images (middle column), and merged images (right column) of MDCK cells (a), 

and A549 cells (b) after incubation with GQDs or GQD-HA for 4 h (Adapted 

from [160]).  
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Similar to HA functionalized GQD, folic acid (FA) can also functionalize 

GQD to specific target cells with high expression of FA receptors on cell 

membrane. Using GQD-FA to label different cell lines, labeling efficiency shows 

great difference between Hela cells, A549 cells and HEK 293 cells as shown in 

Figure 1.52 [163].The enhanced specific internalization of GQD-FA by Hela cells 

is due to the high expression of FA receptors on Hela cells and the FA receptor-

induced endocytosis.  

 

Figure 1.52 Confocal fluorescence microscope images of HeLa cells (A), A549 

cells (B), and HEK293A cells (C) after incubation with GQD–FA (20.0 μg/mL) 

at 37 ◦C for 10 min. Left column: bright field images. Middle column: Hoechst 

nuclear staining images (blue). Right column: GQD fluorescence images (green) 

(Adapted from [163]).  

GQDs conjugated with specific target molecules can achieve intracellular 

dynamic tracking of biomolecules and form fluorescent bioimages. 

Ananthanarayanan et al have found that transferrin-conjugated GQD (Tr-GQD) 

can be used to track intracellular transferrin receptors in Hela cells due to the 
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specific binding between Tr-GQDs and transferrin receptors [164]. And 

individual endocytic and exocytic events of the vesicles containing Tr-GQD can 

also be observed by total internal reflection fluorescence microscopy. Zheng et al 

have developed insulin-conjugated GQDs and applied for specific labeling and 

dynamic tracking of insulin receptors in 3T3-L1 adipocytes to visually 

demonstrate opposite regulation function of apelin and TNFR in adipocytes [165].  

Targeted in vivo bioimaging in tumor-bearing mice was achieved with GQD-

HA, which has been demonstrated the specific targeting ability in vitro. Nahain 

et al administrated GQD-HA A549 cell tumor-bearing via tail vein injection. 2 h 

post injection, GQD-HA accumulation in tumor region was observed with higher 

fluorescence intensity than GQD injected mice, demonstrating the successful 

tumor targeting function of GQD-HA [160]. However, in liver and kidney, GQD 

was found accumulated with a higher level than GQD-HA. 

  

Figure 1.53 (a) In vivo fluorescence images of mice after tail vein injection of 

GQD-HA. (b) Fluorescence images of isolated organs: liver, kidney, spleen, heart, 

and tumor. (c) Normalized fluorescence intensity extracted from dissected organs 

(Adapted from [160]). 

1.5. Brief introduction of fluorescent carbon microspheres 

1.5.1. Dyes labelled latex or polystyrene microspheres 

Fluorescent microspheres were developed by labelling latex microspheres 

with rhodamine. The fluorescent latex microspheres with diameter of 0.02-0.2 

μm were applied as a retrograde neuronal marker by injecting into brain tissue. 

The fluorescent microspheres hardly diffuse at the injection sites, and can be 

transported back to neuronal somata and remain stay for at least 10 weeks in vivo. 
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Besides, they show little cytotoxicity and phototoxicity to brain tissue. Based on 

these properties, Katz have visualized cat visual cortex using the fluorescent 

microspheres in vitro and in vivo [25]. Afterwards, Hale et al demonstrated that 

fluorescent latex microspheres can be used to visualize and quantify an ischemic 

risk zone in small animal model after experimental coronary artery occlusion 

(CAO). The fluorescent microspheres are nonradioactive, can preserve the 

outline of flow distribution for at least 24 h, and can quickly be observed when 

irradiated by UV light without long exposure time. However, some limitations 

are also pointed out, such as the high dose of microspheres used, and the 

microspheres will eventually be eluted from the myocardium or lost fluorescence 

[166]. Quatrochi et al have conjugated cholinergic agonist carbachol to 

rhodamine labelled latex microspheres to form a pharmacologically active probe. 

Injection of the pharmacologically active probe cause little diffusion at the 

injection site and the probes can be retrogradely transported to neurons projecting 

to the injection site. Applying this probe to gigantocellular field of the cat pontine 

brain stem induced rapid eye movement (REM) sleep, which was the same effect 

of free carbachol [167]. Apart from conjugate drugs to fluorescence microspheres, 

monoclonal antibody has been conjugated with fluorescent polysterene 

microspheres to specifically target Peyer’s patch M cells to investigate the 

particulates delivery ability of Peyer's patch M cells for uptake into gut-associated 

lymphoid tissues [22]. Besides, fluorescent microspheres can be used to 

determine blood flow. Though the fluorescence microspheres based methods to 

measure blood flow is more labor and time intensive than radioactive 

microspheres based method due to the necessity to recover the microspheres from 

the tissue, the fluorescent method avoid the hazard and pollution of radioactive 

isotopes. To improve the efficiency of fluorescent microspheres-based blood flow 

detection method, Thein et al have achieved automation of determination of blood 

flow using fluorescent microspheres, taking advantages of a mofified Zymate-

Robotic System to handle filtration process [23]. 

The above mentioned fluorescent microspheres are realized by conjugating 

organic dyes to the latex or polystyrene microspheres, which inevitably suffer 

from the shortcomings of organic dyes such as photobleaching, blinking etc.  



66 

 

1.5.2. Quantum dots labelled fluorescent microspheres 

In 2001, Han et al have achieved multicolor coding by embedding different 

sized CdSe/ZnS core/shell QDs into polystyrene beads at precisely controlled 

ratios [168]. QDs are incorporated into microbeads by swelling the beads and the 

incorporation is completed within 30 min at room temperature. The embedded 

QDs are localized and separated from each other and won’t induce fluorescence 

resonance energy transfer, thus, the incorporation process hardly change the 

fluorescence properties of QDs. Both the fluorescence intensity level and color 

can be used to code, which can yield large amounts of sequence information, 

making it suitable for coding nucleic acid or protein sequences. The development 

of the novel multicolor coding technology owed to the multiple advantages of 

QDs labelled microbeads including high uniform, high reproducibility and high 

accuracies. 

In 2005, Gong et al have achieved the multiplex optical encoding by 

incorporating CdTe QDs into hydrogel to form fluorescent microspheres [169]. 

In their study, they used the poly(N-isopropylacrylamide) (PNIPAM) hydrogel as 

the matrix to load QDs, PAIPAM is characteristic for its volume phase transition 

behavior across the low critical solution temperature (LCST). When temperature 

is below LCST, PAIPAM is hydrophilic and swells in water, however, when 

temperature is above LCST, it becomes hydrophobic and expels water, collapsing 

into a smaller volume. In order to take advantage of this property, QDs are mixed 

into the swollen hydrogel when the temperature is lower than LCST, and QDs 

won’t discharged with water when temperature becomes higher than LCST, they 

modified the QDs with both thioglycerol and thioglycolic acid to utilize the 

hydrogen bonding between the thioglycerol of QDs and amine of PAIPAM to 

form stable QDs-loaded hydrogel microsphere, as shown in Figure 1.54. The 

CdTe QDs loaded hydrogel microspheres are stable under ambient conditions, 

however, the volume of the microspheres can still decrease as a response to 

temperature increase, resulting in Forster energy transfer between differently 

sized QDs, and the fluorescence properties of microspheres can be tuned with 

temperature.  
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Figure 1.54 Schematic diagram to show the procedures for loading CdTe QDs 

into PNIPAM hydrogel via hydrogen bonding between the QDs and the hydrogel 

network (Adapted from [169]). 

1.5.3. Carbon microspheres with intrinsic fluorescence 

Although carbon microspheres have developed for several decades, few 

research have noticed the intrinsic fluorescence from carbon microspheres. In 

2005, Selvi et al have obtained fluorescent carbon spheres from hydrothermal 

treating of glucose [170]. As shown in Figure 1.55, the obtained carbon spheres 

with diameter of 400 nm, in the submicron range, emitting green fluorescence 

under excitation of 514 nm. The fluorescence was ascribed to the surface 

functional groups [74]. The good solubility and stability in media of different 

polarity (water, ethanol and toluene) demonstrated the amphiphilic surface of 

carbon spheres that both hydrophilic and hydrophobic functional groups co-

existed on carbon spheres.    
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Figure 1.55 (a) SEM image of fluorescent carbon spheres derived from glucose. 

Scale bar is 3 µm. Inset: a single carbon sphere with diameter of about 400 nm. 

(b) Carbon spheres dispersed water, ethanol, and toluene. (c) Confocal 

fluorescence microscope image of the carbon spheres excited by laser at 514 nm. 

(d) PL Emission spectrum of carbon spheres extracted from the confocal 

microscope (Adapted from [170]). 

In 2015, Liu et al also used glucose as starting carbon source to prepare 

carbon microspheres in presence of Na3cit [171]. As shown in Figure 1.56, carbon 

microspheres with diameter from 400 nm to 5 μm can be obtained with changing 

mass of Na3cit. Na3cit molecules took part in the intermolecular dehydration 

process and facilitated the carbonization, thus Na3cit was modified on carbon 

microspheres to act as a passivation agent. The decreasing ID/IG calculated from 

Raman spectra with increasing mass of Na3cit demonstrated that the existence of 

Na3cit was beneficial for crystalline graphite structure in carbon microspheres. 

Apart from the influence on structure and morphology, Na3cit also enhanced the 

fluorescence properties of carbon microspheres. As shown in Figure 1.57, more 

Na3cit contributed to blue-shifted PL spectra with higher fluorescence intensity.  
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Figure 1.56 SEM images of carbon microspheres prepared with different mass of 

Na3cit: (a) 0, (b) 0.1 g, (c) 0.3 g and (d) 0.5 g (Adapted from [171]). 

 

Figure 1.57 PL emission spectra of carbon microspheres when excited at 400 nm 

(a) and 800 nm (b), the curves represented for different mass of Na3cit: (1) 0, (2) 

0.1 g, (3) 0.3 g and (4) 0.5 g (Adapted from [171]). 
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1.6. Objective of the study 

Specific objectives of part I include: 

• To synthesize the nitrogen-doped carbon dots (N-CDs) and characterize 

its morphology, composition, functional groups and fluorescence 

properties. 

• To test the cytotoxicity of N-CDs to MCF-7 cells and assess the 

performance of cellular uptake of N-CDs in dishes. 

• To prepare the Poly(acrylamide) (PAA) gel of varing stiffness acting as 

the cell culture substrates to explore the cellular uptake behavior of N-

CDs by MCF-7 cells on different stiffness substrates, and try to explain 

the relationship between substrate stiffness and cellular uptake. 

Specific objectives of part II include: 

• To prepare branched polyethylenimine functionalized carbon dots (BPEI-

CDs) with positive charges and characterize the fundamental properties. 

• To develop a heparin sensing method using BPEI-CDs without other 

reagents and explain the rationalization. 

• To explore the performance of the BPEI-CDs based fluorescence sensor, 

including the sensitivity, selectivity and real sample detection capability.    

Specific objectives of part III include:  

• To synthesize the gadolinium-doped carbon microspheres (GdCMS) 

using a one-step hydrothermal method and explore the influence of 

preparation conditions on the formation and morphology of GdCMS. 

• To systematically characterize the properties of GdCMS including its 

photoluminescence properties and magnetic characteristics. 

• To functionalize GdCMS with antibody and apply to label cancer cells, 

followed by conducting magnetic separation of GdCMS targeted cancer 

cells.   
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2.1. Introduction 

Doping nitrogen atoms to CDs changes the chemical and electronic 

characteristics of CDs and provides more active sites, resulting in properties that 

are different from pure CDs. N-CDs prepared from an electrochemical method 

show similar size to their N-free counterpart, but fluorescence emission shifts 

from green to blue, which is induced by the strong electron affinity of N atoms 

within the conjugated C plane. The N-CDs have been demonstrated with 

electrocatalytic activity for oxygen reduction reactions [172]. For layered N- CDs 

prepared from glucose and ammonia, fluorescence emission from deep UV to 

NIR can be detected in N-CDs with size in the range of 1.7 to 5.8 nm. Apart from 

size, the diversity of N configuration (pyridinic, pyrrolic and graphitic N) also 

contributes to the broadband emissions of N-CDs. Taking advantages of the 

broadband absorption and emission of N-CDs, a broadband photodetector is 

developed by coating N-CDs onto interdigital gold electrode, achieving 

responsivity as high as 325 V/W [173]. Besides, N-CDs have been synthesized 

and applied in sensing Al3+, Eu3+, Hg2+, Fe3+ etc [130,138,174,175]. The N-CDs 

obtained from hydrothermal treatment of GO in presence of ammonia show a 

high fluorescence quantum yield of 24.6 % and low cytotoxicity, and can be 

internalized by Hela cells and distribute in cytoplasm, showing potential as an 

efficient bioimaging probe [153]. In this study, we designed to use N-CDs to 

study the cellular uptake behaviors from a novel aspect that we took substrate 

stiffness into consideration.    

Cell uptake of nanoparticles or nanocarriers is the prerequisite of various 

functions that nanomaterials can bring in cell such as intracellular biosensing, cell 

imaging, gene/drug delivery, etc. Previously, most studies on cellular uptake of 

nanoparticles were focused on nanoparticles size, morphologies, surface 

modifications, and properties, which can influence cellular internalization 

pathways and cellular uptake efficiency in vitro.  

However, for in vitro cellular uptake experiments, the stiffness of the cellular 

Chapter 2 : Nitrogen-doped carbon dots as 

fluorescence labels for cellular study                              
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uptake environment is seldom mentioned. Most cellular uptake experiments are 

conducted on tissue culture plastics (TCPS) or glass coverslips, which are very 

different from the realistic cell growth environment in vivo. Taking an example 

of tumor cells, which are most widely used cell type in labs. Tumor cells in tumor 

tissue are surrounded by various extracellular matrix (ECM) proteins and, 

cytokines, and growth factors. All of these factors contribute to tumorigenesis and 

progression [176–178]. The stiffness of ECM has been found increased in 

malignant phenotypes of normal mammary epithelium, for example the tumor 

microenvironment of breast cancer has higher stiffness than that of normal breast 

tissues (~150 Pa) [178], the Young moduli of benign and malignant tumor tissues 

obtained from breast tissue specimens have been measured to be 3-42 kPa [179]. 

While, TCPS displays an elastic modulus of about 1 GPa [180], much higher than 

tumor tissue. As a result, substrate stiffness has attracted much research attention 

when investigating cellular uptake of nanoparticles, not only due to it can mimic 

tissue stiffness at different tumorigenesis stages, but also results from many 

established conclusions that stiffness can influence cells from many aspects.  

Substrate stiffness influences cell morphology, cytoskeletal structure and 

adhesion, though the effects are cell type-dependent [181]. Substrate stiffness, 

together with adhesion and tractile forces, can guide cell movement [182,183]. 

Besides, tissue cells can feel and respond to substrate stiffness through molecular 

pathways, which is important in cell development, differentiation, disease and 

regeneration [184]. Tang et al found that metastasis-like phenotype can be shown 

on human colon carcinoma (HCT-8) cells when cultured on substrate with 

appropriate stiffness, neither very soft nor very stiff [185]. Huynh et al have found 

that ECM stiffen with aging, which leads to endothelial monolayer disruption and 

atherosclerosis pathogenesis. They also proposed therapeutics design to prevent 

atherosclerosis progression by aiming at the Rho-dependent cellular contractile 

response pathway to matrix stiffening [186].  

Some pioneer works have been done to study cellular uptake of nanoparticles 

taking substrate stiffness into consideration. Huang et al studied the cellular 

uptake behavior from the mechanistic view that they tested the relationship 

between cellular uptake of fluorescence nanoparticles by bovine aortic 

endothelial cells (BAECs) and substrate stiffness [187]. They developed a 
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thermodynamic model to explain that substrate stiffness influenced cell 

membrane spreading area and cell membrane tension, which can regulate cellular 

uptake of NPs. Wang et al used two cell lines both from breast cancer cell to 

elucidate the relationship between invasiveness and cell response to different 

stiffness [188]. In this study, we tested nanoparticles uptake behaviors of MCF-7 

cells on substrates of different stiffness. MCF-7 cells are incubated with N-CDs, 

which have the same properties with N-GQDs, showing advantages of bright 

fluorescence, low cytotoxicity, and easy preparation etc.   

2.2. Experimental 

2.2.1. Synthesis of N-CDs 

N-CDs were synthesized according to a previous method. Briefly, 0.105 g of 

citric acid monohydrate (CA·H2O; purchased from Aladdin, Shanghai, China), 1 

mL of ethylenediamine (EDA; purchased from Sigma-Aldrich, USA) were 

dissolved in 4 mL of ultrapure water (18.2 MΩ·cm, purified by a Direct-Q® 3 

UV Water Purification System, all ultrapure water used in our experiments were 

purified by this machine) to form a uniform transparent solution after ultrasonic 

mixing for 10 min. Then the 5 mL of mixture solution was transferred into a 

poly(tetrafluoroethylene) (Teflon)-lined autoclave (10 mL). After heating at 

200 ℃ for 4 h and cooling down to room temperature, the solution was 

collected. The precipitates were discarded after centrifugation at 4,000 rpm 

for 20 min. The obtained upper solution was dialysed against ultrapure 

water for 1 day using dialysis membrane with cut-off size of 1,000 Da. Solid 

products can be obtained by further free-drying of the dialysed N-CD 

solution.  

2.2.2. Characterization of N-CDs 

Transmission electron microcopy (TEM) images were taken by a JEOL-

2100F TEM, operating at 200 kV. The absorption spectra were measured by a 

UV–vis spectrophotometer (Ultrospec 2100 pro). The Zeta potential and dynamic 

light scattering (DLS) size were determined using a Zetasizer Nano Z system 

from Malvern Instruments Ltd. Fourier transform infrared spectrum (FTIR) 

spectra were collected by a PerkinElmer Spectrum 100 FTIR spectrometer 
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(PerkinElmer Inc., US). The photoluminescence experiments were carried out on 

an Edinburg FL920 fluorescence spectrometer equipped with a Xe light source 

and R928 detector (Edinburgh Instruments Ltd). Absolute fluorescence quantum 

yield was measured by the FL920 fluorescence spectrometer equipped with an 

integrating sphere. 

2.2.3. Preparation of glass bottom dishes 

Before PAA gel synthesis, glass bottom dishes went through silanization. 

Briefly, 200 μL of 0.1 N NaOH were applied on each clean glass bottom dish and 

air dried overnight to activate glass.  Next day, the glass bottom dishes were 

smeared with APTES over the surface using a cotton-tipped swab. After sitting 

there for 6 min, the dished were washed twice with ultrapure water for 7 min in 

shaker at 150 rpm/min. Then 250 μL of 0.5% glutaraldehyde was applied on 

surface of each dish and wait for 30 min away from light. After washed with 

ultrapure water twice, the activated dishes can be stored either in covered petri 

dishes at room temperature for up to 48 h or in a dessicator for 2 weeks. 

2.2.4. Synthesis of Poly(acrylamide) gel 

40 % w/v acrylamide solution (Bio-rad, US) and 2 % w/v bis-acrylamide 

solution (Bio-rad, US), tetramethylethylenediamine (TEMED; Bio-rad, US) were 

used as purchased. 1 M N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid 

(HEPES; pH 7.0-7.6; Sigma, US) solution was diluted to 100 mM for use. A 10 % 

w/v ammonia persulfate (AP; Bio-rad, US) stock solution was prepared by 

dissolving 0.1 g AP powder in 1 mL ultrapure water. Gels of different stiffness 

were synthesized by adjusting the ratio of acrylamide to bis-acrylamide in the gel 

solution mixture [181]. To prepare PA gel with stiffness of 0.6, 3.5, 8 kPa, the 

corresponding  polyacrylamide mixture solution containing 3 % acrylamide + 

0.06 % bis, 5 % acrylamide + 0.1 % bis, 5 % acrylamide + 0.3 % bis, repectively. 

To polymerize the solution, 10 % AP solution was added to a final volume ratio 

of 1:200, and TEMED solution was added to a final volume ratio of 1:2000. A 

fixed volume of 10 μL polyacrylamide solution is immediately pipetted onto the 

center of the 12-mm-diameter glass bottom of a dish, and a circular cover glass 

is put on the top of the solution to form uniform PAA gel layer with thickness of 

88 μm. The polymerization is conducted in a 37 °C incubator for 30 min. Then 
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flooding the surface with 2 mL ultrapure water or 100 mM HEPES, followed by 

removing the circular cover glass with a single edge razor, and rinsing the 

substrate with 100 mM HEPES. The substrate modified with PAA gel can be 

stored with 100 mM HEPES at 4 °C up to 2 weeks.  

2.2.5. Crosslinking of Adhesion Proteins 

1 mM sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino) hexanoate (Sulfo-

SANPAH; Thermo fisher, USA) solution was prepared by dissolving 5 mg Sulfo-

SANPAH in 10 mL of 100 mM HEPES with 50 μL DMSO. 200 μL of freshly 

made sulfo-SANPAH solution is applied onto the gel surface of each dish. The 

polyacrylamide gel was then placed 6 inches under an ultraviolet lamp and 

irradiated for 6 min until SANPAH darken. Then washing off SANPAH with 100 

mM HEPES in a shaker. Repeating the photo activation procedure once, then 

washing with 100 mM HEPES for 3-4 min without shaking. After the last HEPES 

solution is aspirated, the substrates were incubated with 100-200 μL of 0.2 

mg/mL type I rat-tail collagen at 4 °C overnight. After washing gently with PBS 

and sterilized under UV light, the gels can be stored at 4 °C in PBS for two weeks.  

2.2.6. Cell culture 

Human breast carcinoma epithelial cells (MCF-7 cells) were purchased from 

American Type Culture Collection (ATCC) and cultured in completed DMEM 

culture medium (Life technologies, US) supplemented with 10 % of fetal bovine 

serum (Life technologies, US origin), and 5 % of penicillin streptomycin 

glutamine (Life technologies, US), and incubated at 37 ℃  in a humidified 

atmosphere of 5 % CO2 in air.  

For seeding cells on PAA gel substrates, the gels were pretreated by soaking 

in cell culture medium for 30-40 min in a 37 °C incubator. Then MCF-7 cell 

suspension was added into each PA gel functionalized glass bottom dish with final 

concentration of about 3000-5000 cells per dish. 

To explore the role of the contractility in regulating the internalization of N-

CDs, MCF-7 cells were treated with Y-27632 that can mildly inhibit Rho-

associated kinase (ROCK), and blebbistatin that can inhibit myosin II. 

Specifically, 5 μM Y-27632 or 10 μM blebbistatin was used to MCF-7 cells 
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adhered on PAA gels with stiffness of 8 kPa. After 1 h incubation in a 37 ℃ 

incubator with a humidified atmosphere of 5 % CO2, N-CDs were added to the 

cell culture medium at a final concentration of 100 μg/mL to co-incubate with 

inhibitors for 4 h and then visualized by confocal microscope. Endocytosis 

pathway inhibition experiments were conducted similarly, using 50 μg/mL 

genistein to block the phosphorylation of caveolin-1, thus inhibit the caveolin-

mediated endocytosis. Or using 6 μg/mL chlorpromazine (CPZ) to inhibit 

clathrin-mediated endocytosis. Both the inhibitors were pretreated with MCF-7 

cells for 1 h before adding N-CDs. 

Tranfection of RhoA-V14 plasmid and CA-MLCK plasmid to MCF-7 cells 

were conducted using Lipofectamine® 3000 Reagent (Invitrogen, US). Briefly, 

1.5 μL Lipo 3000 was diluted in 25 mL cell culture medium (w/o FBS) to form 

solution A. 2.5 μg plasmid DNA (RhoA-V14/CA-MLCK/Empty) and 1 μL P 

3000 were added into 25 mL cell culture medium (w/o FBS) to form solution B. 

Before applying to cells, solution A and solution B mixed and incubated at room 

temperature for 15 min. Then, 50 μL mixed solution was added into each well of 

a 24-well plate, where MCF-7 cells have grown to an 80-90% confluence in 500 

μL completed cell culture medium. After incubation in a 37 ℃ incubator with a 

humidified atmosphere of 5 % CO2 for 48 h, the cell culture medium was replaced 

with 500 μL fresh completed cell culture medium containing 50 ng/mL 

doxycycline. After another 48 h incubation (4 days after transfection) in a 37 ℃ 

incubator with a humidified atmosphere of 5 % CO2, the plasmid transfected 

MCF-7 cells were digested from the 24-well plate and seeded on PAA gels for 

further experiments.  

2.2.7. Cytotoxicity assay 

MCF-7 cells were seeded in a 96-well plate at 1×104 per well and cultured in 

completed DMEM culture medium in a humidified 5 % CO2 incubator at 37 ℃ 

overnight. The cytotoxicity of N-CDs was tested by the CCK-8 assay. In brief, 

Gd-CDs with concentrations ranging from 0 to 400 μg/mL were incubated with 

MCF-7 cells for 24 h, followed by washing twice with PBS. Then, each well was 

added 100 μL of completed DMEM culture medium containing 10 % CCK-8 

solution, and incubated for another 1 h. After shaking for 1 min, the absorbance 
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at 450 nm and 600 nm were measured by a microplatereader. The absorbance at 

600 nm was the background signal that should be subtracted to exclude the effects 

from absorbance of cells, culture medium and nanomaterials. The cell viability 

was assessed by the ratio of absorbance values at 450 nm (absorbance at 600 nm 

was substracted) between the experimental group and control group. Each 

concentration were repeated in five wells, and the values were expressed as the 

mean ± standard deviation, which results from five independent experiments.  

2.2.8. Cell imaging 

When growing to an 80 % of confluence in a T25 flask, MCF-7 cells were 

digested from the flask by trypsin and centrifuged to obtain the cell pellet, which 

was re-dispersed in 1 mL of completed DMEM cell culture medium and pipetted 

gently to form a uniform cell suspension. Then, 50 μL of cell suspension was 

added into 2 mL of completed DMEM cell culture medium and transferred to a 

confocal dish, incubating in a humidified 5 % CO2 incubator at 37 °C overnight. 

After MCF-7 cells adhered on confocal dish, N-CDs were added into the cell 

culture medium of MCF-7 cells, and incubated for another 1-4 h. Before imaging 

with a confocal microscope, MCF-7 cells were rinsed twice by PBS, then 1 mL 

of fresh completed DMEM cell culture medium was added. When taking 

fluorescent cell images, the cells were imaged using a 63× oil-immersion 

objective of a confocal microscope, excited at 405 nm by laser, and emissions 

were collected in the range of 460-540 nm. 

For nucleus staining, MCF-7 cells were labelled with orange fluorescence 

SYTO 82 dyes (Invitrogen, USA). Briefly, cell culture medium was removed and 

MCF-7 cells were rinsed twice by HBSS buffer (Gibco, USA). Then small 

amounts of SYTO 82 solution diluted to 0.5 μM in HBSS was added to confocal 

dish to cover the cells. After incubation away from light for 15 min in a 37℃ 

incubator, the staining solution was removed, cells were rinsed twice with 

HBSS and incubated in small amounts of fresh completed DMEM cell culture 

medium for microscopy. When observing nucleus staining, another imaging 

channel was used, the fluorescence of SYTO 82 was excited at 540 nm by a laser 

and collected in the range of 540-620 nm. 
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2.3. Results and discussion 

2.3.1. Synthesis and characterization of N-CD 

N-CDs are obtained by hydrothermal at 200 °C for 4 h, and purified by 

dialysis. The absorption and PL spectra are shown in Figure 2.1. N-CDs show 

absorption shoulder at around 240 nm and a distinct absorption peak at around 

350 nm, the latter is responsible for the PL emission since the PLE spectrum of 

N-CDs peaks at 354 nm. Under 354 nm excitation, N-CDs emit blue fluorescence 

with PL emission peaks at 444 nm. Compared with GQDs synthesized from citric 

acid alone, the PL emission peaks blue shift, which may closely related to the N 

incorporation into CDs. The bright blue fluorescence from N-CDs solution can 

be clearly photographed under a 365 nm UV lamp. The N-CDs show excitation-

independent emission peaks at range of 300-400 nm, which indicates that the 

surface states and sp2 clusters in N-CDs are uniform [93]. The absolute 

fluorescence quantum yield (QY) of N-CDs was measured to be 87 % using a 

fluorescence spectrometer equipped with an integrating sphere, the QY is much 

higher than CDs prepared from many other methods, as we discussed in Chapter 

1. 

  

Figure 2.1 (a). UV-vis absorption, PL emission, and PL excitation spectra of N-

CDs; inset: N-CDs solutions under ambient light and UV light at 365 nm. (b). PL 

spectra of N-CDs with excitation ranging from 300 nm to 400 nm.  

TEM image of N-CDs shows the size distributes in the range of 3-5 nm. From 

the diffraction pattern of N-CD-4h, the obtained nanoparticles are amorphous, 

thus, we name it N-CD rather than N-GQD.  
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Figure 2.2 TEM image (a), and SAED pattern (b) of N-CDs. 

 

 

Figure 2.3 The FTIR spectra of N-CDs. 

FTIR spectra show the functional groups existing on N-CDs as shown in 

Figure 2.3. The FTIR spectrum of N-CD shows absorption band centered at 1581 

cm-1 derived from the stretching mode of -C=C, small band at 1461 cm-1 resulted 

from the bending mode of the –C-H, a weak band at 1320 cm-1 originated from –

C-N, and a pair of bands at 1663 cm-1 and 1385 cm-1 assigned to the asymmetric 

and symmetric stretching modes of the –COO-, respectively. The –COO- and –

OH groups render N-CD good hydrophilicity. 

XPS spectra of N-CDs further demonstrates the successful N atoms 

incorporation into CDs. The high resolution XPS spectrum of C 1s confirms not 

only the existence of sp2 carbon, but also the carbon atoms binding with N or O 
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to form functional groups. Besides, the high resolution XPS spectrum of N 1s 

implies that N atoms doped into CDs in the form of graphite N and pyrrolic N 

[67].  

 

Figure 2.4 XPS results of N-CDs: (a) Survey spectrum; (b) high-resolution 

spectrum of C 1s; (c) high resolution spectrum of N 1s.  

2.3.2. Cell toxicity and cell imaging with N-CDs 

Before the N-CDs are used to cells, a cell toxicity assay of N-CDs is 

conducted on MCF-7 cells using CCK-8. The cell viability results shown in 

Figure 2.5. Compared with control groups, MCF-7 cells incubated with N-CDs 

for 24 h show no obvious difference. All groups show cell viability higher than 

95 %, regardless of N-CDs concentrations, demonstrating that even up to 400 

μg/mL, N-CDs won’t affect cell proliferation.  

 

Figure 2.5 Cell viability, evaluated by CCK-8 assay with MCF-7 cells. The error 

bars indicated the standard deviations for five independent experiments. 
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We added N-CDs to MCF-7 cells cultured in glass bottom dished and observe 

the cellular uptake by confocal microscope after different period of incubation, 

the results are shown in Figure 2.6. Only 10 min of incubation with N-CDs, weak 

fluorescence is found on cell membrane of MCF-7 cells, meaning the nanosized 

N-CDs binding to cell membrane. With extension of cell incubation time to 1 h, 

the fluorescence is observed in cytoplasm and perinuclear regions. With 

increasing time of incubation, stronger fluorescence is found distributed both 

cytoplasm and nucleus due to more N-CDs internalized by cells and uptaken by 

cell nucleus. Up to 8 h incubation, show bright fluorescence uniformly distribute 

in nucleus region as well as cytoplasm region. SYTO 82 dye is used to label 

nucleus of MCF-7 cells pre-incubated with N-CDs as shown in Figure 2.7, the 

good overlapping of the green fluorescence from N-CDs and red fluorescence 

from SYTO 82 in the nucleus region further confirms that N-CDs entered cell 

nucleus after 4 h incubation.     

 

Figure 2.6 Confocal microscope images of MCF-7 cells cultured in glass bottom 

dished, in presence of 100 μg/mL N-CDs, incubating at 37 °C for different time.  
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Figure 2.7 Cell imaging of MCF-7 cells incubated with N-CDs of 100 μg/mL at 

37 ℃ for 4 h. Before imaging with confocal microscope, the MCF-7 cells were 

incubated with SYTO 82 of 0.5 μM for 15 min at 37 ℃ for nucleus staining.  

2.3.3. Cellular uptake of N-CDs on substrate of different 

stiffness  

With varying the weight ratios of acrylamide to bisacrylamide, we fabricated 

PAA gels via photopolymerization to obtain three different stiffness – 0.6, 3.5, 

and 8 kPa, all of which fall within the physiological range of biological tissue 

[189]. Next, rat tail collagen I was introduced onto the surface of the PAA gels 

via bifunctional linker to facilitate cell adherence. We first studied the influence 

of incubation time on cellular uptake of N-CD on PA gel with stiffness of 3.5 kDa, 

the results are shown in Figure 2.8. Incubation for 4 h with N-CDs, bright 

fluorescence is found in cytoplasm and nucleus, similar with that of MCF-7 cells 

cultured on glass surface of dishes. However, with increasing the incubation time 

to 14 h and 24 h, no distinct difference is shown compared to 4 h, which implys 

4 h incubation with N-CDs is enough for further cellular studies on PA gels.  The 

reason for the intracellular fluorescence not enhanced with incubation time may 

be that the endocytosis and exocytosis of N-CDs by MCF-7 cells reach an 

equilibrium state that the N-CDs in cell is saturated. 
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Figure 2.8 Confocal microscope images of MCF-7 cells cultured on PA gel 

substrate with stiffness of 3.5 kPa in presence of 100 μg/mL N-CDs, incubating 

at 37 °C for different time. Before addition of N-CDs, the cells were cultured on 

PAA gels overnight. 

We seeded MCF-7 cells at the same density to PAA gels of varing stiffness 

and incubated overnight before adding N-CDs. After another 4 h incubation with 

N-CDs, we rinsed the N-CDs in culture medium and observed MCF-7 cells using 

confocal microscope. The fluorescence intensity from each cell, fluorescence 

intensity per area and cell area are semiquantitatively calculated by imageJ 

software. As shown in Figure 2.9, a nearly equal adherent cell density was 

obtained on substrates of different stiffness after seeding cells overnight, which 

means we have controlled the cell density well to get rid of influence of cell 

density. MCF-7 cells cultured on stiff substrate showed higher amount of 

internalized N-CDs per cell, but cells on soft substrate showed the highest 

fluorescence intensity per area (obtained by fluorescence intensity/cell area). 

Consistent with previous studies that fluorescence intensity per unit area 

represented for cellular uptake efficiency of fluorescent nanoparticles, which 

decreased with increasing stiffness of substrates [187,188]. The higher amount of 

internalized nanoparticles accompanied with lower uptake efficiency is ascribed 
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to the varing cell area on different substrates. It is clear from Figure 2.9 that MCF-

7 cells differed in cell shape and morphology on soft and stiff substrate, MCF-7 

cells on soft substrate (1 kPa) showed round-like shape and a smaller area, while, 

MCF-7 cells on stiff substrate (3.5 kPa and 8 kPa) showed well-spreading and 

spindle-like shape with a larger area. However, there is no significant difference 

in cells cultured on substrates of 3.5 kPa and 8 kPa regarding to amount of N-

CDs uptaken by cell, cellular uptake efficiency, cell area and cell morphology. 

The result is agree with Wang et al [188] that they proposed there may exist a 

critical stiffness value above which cells no longer make changes with increasing 

stiffness. Hence, we inferred that the critical point in our experiment falls within 

3-8 kPa.  

 

Figure 2.9 Cellular uptake of N-CDs on PA gels of varying stiffness after 4 h 

incubation. (a) Confocal microscope images of MCF-7 cells incubated with 100 

μg/mL N-CDs. (b) The fluorescence yield per cell. (c) Fluorescence intensity per 

unit area, obtained from fluorescence yield per cell/ cell area. (d) Cell area.  

Before addition of N-CDs, the cells were cultured on PAA gels overnight. The 

results in the columns are calculated from 20 cells. *, Statistically different at p < 

0.05, ns, p > 0.05. 
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Huang et al have developed a thermal dynamic model to explain the 

phenomenon that cells cultured on soft substrate have round shape, small surface 

area, with a higher cellular uptake efficiency of nanoparticles [187]. They have 

directly observed absence of stress fiber in cells on soft substrate by F-actin 

labeling and indirectly obtained less cell membrane tension on soft substrates 

from fluorescence lifetime of DiI chromophores embedded in lipid bilayer. They 

ascribed the higher cellular uptake efficiency of nanoparticles by bovine aortic 

endothelial cells on soft substrates to the small membrane surface area and low 

membrane tension, both of which are dictated by substrate stiffness. However, 

we think it may be more convincing to take the absolute amount of nanoparticles 

entering each cell (total fluorescence intensity per cell) as the indicator to 

represent for cell uptake capability. Thus, we won’t consider interpreting our 

results based on the thermal dynamic model. Besides, it should be taken into 

account that cellular uptake behavior may be cell type-dependent and 

nanoparticle type-dependent. We investigated on MCF-7 cells rather than bovine 

aortic endothelial cells as they used, and our N-CDs have much smaller size (less 

than 10 nm) than their carboxylated polystyrene NPs (PS-COOH) with diameters 

of 100 nm, we need to seek for appropriate model for our design. 

 Wang et al demonstrated that the cellular uptake varied with substrate 

stiffness is closely related with expression of clathrin and integrin β1 regulated 

F-actin polymerization and focal adhesion (FA) formation [188]. They have 

explored a complete regulation process to explain the higher cellular uptake on 

stiff substrates (7, 20, 25 kPa). They noticed that MCF-7 cells on stiff substrates 

have higher expression of integrin β1, which has critical role in regulating F-actin 

polymerization and focal adhesion (FA) formation. Their experiments results also 

gave direct proof of that both high level of actin filament formation and high 

expression of clathrin are closely related to high cellular uptake on stiff substrates 

(7, 20, 25 kPa) by Cytochalasin D (Cyto D; a drug to inhibit F-actin 

polymerization) inhibition and chlorpromazine (CPZ; an inhibitor of clathrin-

mediated endocytosis) inhibition experiments. Combining with the established 

finding that actin polymerization plays an important role in clathrin-mediated 

endocytosis [190], the relationship between substrate stiffness and cellular uptake 

of nanoparticles as well as some regulating procedures can be deduced as shown 
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in Figure 2.10. Besides, they also demonstrated that cells cultured on soft 

substrate (1 kPa) were nearly insensitive to Lysophosphatidic acid (LPA; a drug 

to induce actin filament formation) treatment and integrin β1 antibody 

interference in cellular uptake of nanoparticles. A low expression of integrin β1 

expression in cells on soft substrate demonstrated less cell-matrix interaction than 

cells on stiff matrix, resulted in less stimulation to uptake of nanoparticles by 

substrate stiffness.  

 

Figure 2.10 Schematic illustration of the relationship between substrate stiffness 

and cellular uptake of nanoparticles by MCF-7 cells, deduced from Wang et al 

[188]. 

 In our experiments, we selected PAA gel substrate with stiffness of 8 kPa to 

investigate the influence of cell-matrix interaction on cellular uptake of N-CDs. 

We treated MCF-7 cells with Y-27632 and blebbistatin, both of the reagents play 

important role in F-actin polymerization and cell adhesion to matrix. Y-27632 is 

an inhibitor of Rho-associated kinase (ROCK), can mild inhibit Rho-dependent 

cell contractility to make cells become insensitive to matrix stiffness, but can 

hardly change cell stiffness [186]. Blebbistatin is a NMMII ATPase inhibitor, 

inhibition of which can inactivate myosin II, decreasing the stiffness of cells and 

speeding cells migration [191,192]. Both of the inhibitors can decrease the 

interaction between cells and matrix, thus, the weakened response of MCF-7 cells 

to substrate stiffness resulted in decreased cellular uptake of N-CDs, as 

demonstrated by our results in Figure 2.11. (b). Besides, in the presence of Y-

27632, MCF-7 cells remained spread and morphologically similar to untreated 

controls, which is consistent with previous results found in hMSCs [193]. In 

presence of blebbistatin, longer protrusions are found compared with untreated 

controls, which has also been demonstrated before [192]. The stronger inhibition 

role of blebbistation than Y-27632 also induced the MCF-7 cells treated by 
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blebbistatin showed lower cellular uptake of N-CDs as demonstrated in Figure 

2.11. (b).  

 

Figure 2.11 (a) MCF-7 cell images on PA gels with stiffness of 8 kPa after 4 h 

incubation with N-CDs. The cells were pretreated with Y-27632, blebbistatin. (b) 

The fluorescence yield per cell. (c) Fluorescence intensity per unit area, obtained 

from fluorescence yield per cell/ cell area. The results in each group are calculated 

from 20 cells. The results of drug-treated groups all show significant difference 

with control groups, p < 0.05, using student t-test. 

 We also infected MCF-7 cells with RhoA-V14 plasmids and CA-MLCK 

plasmids, 4 days after transfection and incubation with doxycycline, N-CDs were 

added into cell culture medium to conduct the cellular uptake assessment. RhoA-

V14 expression can increase myosin light chain phosphorylation and ROCK 

activity in adherent cells [194], which is antagonistic to the function of Y-27632 

and blebbistatin. It is reported that constitutively active (CA) mutant RhoA 

expression promoted the production of stress fibers and active focal adhesions in 

a strongly tetracycline-dependent way, but did not change the total protein levels 
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of integrin β1, vinculin, a-actinin, or myosin. While, tetracycline-repressible CA 

mutant of myosin light chain kinase (CA-MLCK), not as strong as CA RhoA in 

simulating formation of stress fibers and focal adhesions. Both RhoA-V14 and 

CA-MLCK plasmid transfection can graded increase stiffness of cells and reduce 

migration speed of cells [195]. According to our results, compared with controls 

transfected with empty plasmids, both CA-MLCK and RhoA-V14 transfected 

MCF-7 cells showed higher cellular uptake of N-CDs. We ascribe this 

enhancement to increased stiffness of MCF-7 cells. However, the role of cell-

matrix interaction in enhancement of uptake of N-CDs by MCF-7 cells is still 

uncertain since CA-MLCK expression didn’t significantly increase cell-ECM 

traction forces in U373-MG cells [195]. 

 

Figure 2.12 (a) MCF-7 cell images on PA gels with stiffness of 8 kPa after 4 h 

incubation with N-CDs. The cells were transfected with CA-MLCK, RhoA-V14 

plasmid for 4 days. (b) The fluorescence yield per cell. (c) Fluorescence intensity 

per unit area, obtained from fluorescence yield per cell/ cell area. The results in 

each group are calculated from 20 cells. The results of drug-treated groups all 

show significant difference with control groups, p < 0.05, using student t-test. 
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 We tried to understand the endocytosis pathways involved in the cellular 

uptake of N-CDs by using inhibitors to MCF-7 cells. Chlorpromazine (CPZ) is a 

Rho GTPase and clathrin-mediated endocytosis inhibitor by relocating clathrin 

and its adapter proteins from the plasma membrane to the endosomes [180,196]. 

Genistein is a tyrosine kinase inhibitor to inhibit caveolae-mediated endocytosis 

by blocking the phosphory lation of caveolin-1 [196]. From results of Figure 2.13, 

MCF-7 cells treated with genistein and CPZ showed cellular uptake of N-CDs to 

varing extend. Noticeably, the difference between genistein treated group and 

untreated control group is not statistically significant (p=0.136), which means 

clathrin-mediated endocytosis takes the predominant role in N-CDs entering 

MCF-7 cells, consistent with previous research studying internalization pathway 

of GQDs or CDs.   

 

Figure 2.13 (a) MCF-7 cell images on PA gels with stiffness of 8 kPa after 4 h 

incubation with N-CDs. The cells were pretreated with genistein, CPZ. (b) The 

fluorescence yield per cell. (c) Fluorescence intensity per unit area, obtained from 

fluorescence yield per cell/ cell area. The results in each group are calculated from 

20 cells. The results of drug-treated groups all show significant difference with 

control groups, p < 0.05, using student t-test. 
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 In conclusion, we’ve synthesized N-CDs using a very simple and convenient 

hydrothermal method and obtained N-CDs with size less than 10 nm. The N-CDs 

possess bright and stable fluorescence and low cytotoxicity to cells, showing 

great potential in cell imaging. We tried to investigate the cell uptake of N-CDs 

not only in dishes but also on synthesized PAA gel substrates with different 

stiffness. We found that N-CDs are mainly internalized by MCF-7 cells through 

clathrin-mediated endocytosis. The cellular uptake of N-CDs increased with 

increasing of substrate stiffness, we attribute the tendency to the stronger cell-

matrix interaction on stiff substrate, after cell feel stiffness of substrate, cell will 

respond in form of change in cell morphology, expression of stress actin and 

clathrin, which facilitate higher clathrin-mediated endocytosis of N-CDs.  

2.4. Summary 

In this study, we used synthesized N-CDs to label MCF-7 cells and 

conducted cellular uptake experiments on PAA gel substrates of different stiffness. 

The most difficulty is the seeking of the relationship between substrate stiffness 

and cellular uptake of N-CDs since the process of cell uptake responds to 

substrate stiffness involves complicated steps including receptors on cell 

membrane sensing substrate stiffness, intracellular signal transduction, protein 

expression and changes taking place in cell morphology, tension etc. Besides, 

when treating cells with inhibitors or drugs, much carefulness should be taken to 

avoid dosage too small or excess, which may contribute to experiments fail or 

fake results. When genetically modify the expression level of proteins in cell 

using plasmids transfection, we used a vector loading empty plasmid treated cells 

as control rather than untreated cells in order to eliminate the influence of 

potential cytotoxicity brought by vectors.  

To fully elucidate the role of substrate stiffness in MCF-7 cells uptake of 

N-CDs, we think some future work can be done: 

1) N-CDs with higher fluorescence quantum yield should be prepared by tuning 

the preparation conditions or raw materials feeding ratio. Thus, N-CDs with 

stable and bright fluorescence up-taken by MCF-7 cells can be assayed with 

flow cytometry, which has higher accuracy when statistical analysis of 

fluorescence yield per cell.  
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2) Cell stiffness on different substrates and after treated with drugs or inhibitors 

should be measured to further support the cell response to different stiffness.  

3) Integrin β1, F-actin, clathrin can be stained by commercially available dyes 

to clearly demonstrate the expression level of them, adding more proof of 

what happened in cells when they are subjected to substrates of different 

stiffness or treated by different drugs.   
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3.1. Introduction 

As reviewed in previous chapter, carbon dots or GQDs can be synthesized 

from many different starting materials to render them unique properties. Herein, 

we intend to use the as-synthesized positively charged carbon dots or GQDs 

without further modification to construct a biosensor for heparin, taking 

advantage of the strong positive charge. Branched Polyethylenimine (BPEI)-

functionalized carbon dots have been choosed, since the synthesized BPEI-CDs 

have been applied to DNA condensation and gene delivery based on its positively 

charged property [197]. BPEI-CDs have previously prepared from pyrolysis of 

citric acid (CA) and BPEI. BPEI was demonstrated to cap on CDs, contributing 

to the positively charged surface [198]. In our study, we referred to Dong’s 

method to prepared BPEI-CDs from CA and BPEI [198], but improved to a more 

simple and convenient hydrothermal route. The as-synthesized BPEI-CDs are 

strong positively charged.  

Heparin is a sulfated, linear polysaccharide, primarily (>70%) consists of a 

trisulfated disaccharide repeating unit, with molecular weight in the range of 

12000-15000 g/mol. Heparin carries highly negative charges with zeta potential 

of -70 mV, is the most negatively charged biological macromolecule found up to 

now. The negatively charged property is resulted from the large amounts of 

negatively charged sulfo and carboxyl groups [199>. Natural heparin is produced 

by basophiles and mast cell and widely distribute on the surfaces of animal cells 

and in the extracellular matrix. Pharmaceutical grade Heparin is extracted from 

mucosal tissues of slaughtered meat of animals such as porcine (pig) intestine or 

bovine (cow) lung [200]. Heparin mediates various physiological and 

pathological processes. It has diverse biological functions such as anticoagulant, 

antilipemic, antithrombotic, immuno- regulatory, antiphlogistic and 

antianaphylactic activities, etc [201]. Famous for its effectiveness in preventing 

thrombinboses and to cure urgent vein thrombus, heparin has long been 

Chapter 3 : Positively charged carbon dots for 

fluorescent sensing of heparin                           
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established as an anticoagulant drug in clinic [202]. Not only been used in clinical 

processes such as cardiac/vascular surgery, heparin can also be applied to various 

experimental and medical devices such as test tubes and renal dialysis machines 

to form inner anticoagulant surface [200]. The appropriate concentration of 

heparin in therapy is 0.1-1.0 U/mL , in surgical procedures is 1-10 U/ml. 0.1-10 

U/ml can be equal to 0.67-67 μg/ml, assuming that the activity of heparin is 150 

U/mg. Overdose of heparin may lead to fatal bleeding complication such as 

hemorrhages and thrombocytopenia [203,204]. Thus, accurately monitoring the 

level of heparin is very important in therapy and surgery. 

Conventional clinically used heparin detection methods include activated 

partial thromboplastin time (aPTT) [205], activated clotting time (ACT) [206]. 

These methods suffer from drawbacks such as lacking of specificity, and 

susceptibility to interferences [207]. Beside, heparin detection methods based on 

aPTT and ACT are indirect methods and require large volume of blood sample. 

Hence, it has garnered much research attention to seek alternative approaches to 

direct detecting concentration of heparin with high performance and easy 

operation. At early stage, electrochemical biosensors based on polymer 

membrane were established for heparin detection [208,209]. Recent years, optical 

biosensors for heparin detection are more favorable including fluorescent 

[200,210–215], phosphorescent [216,217], colorimetric [218–221] and light 

scattering assays [222–227], benefiting from the high sensitivity, high specificity 

and easy preparation of optical biosensors.    

With the rapid developing of nanomaterials, fluorescent nanoparticles have 

been applied to develop biosensors for heparin detection. In a typical 

nanoparticle-based optical biosensor for heparin detection, the strategy is based 

on the electrostatic interaction between negatively charged heparin and positively 

nanomaterials, which changes the state of the biosensor, further reflects on the 

change of optical parameters such as the UV-vis absorption signal or fluorescence 

intensity signal. For example, addition of heparin into positively charged gold 

nanoparticles (AuNPs) would cause aggregation of AuNPs [218,221>, the 

difference of surface plasmon resonance (SPR) spectra in dispersed and 

aggregated AuNPs is the basis for most colorimetric assays. Positively charged 

polymer capped Mn-doped ZnS qantum dots (QDs) have also been applied in 
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heparin detection, because the heparin-induced aggregation of QDs remarkably 

enhanced the room temperature phosphorescence (RTP) [216,217]. Heparin can 

also be used to release the fluorescence quencher Ru complex from the surface 

of QDs to restore the fluorescence of QDs [212]. Similar approach is also 

applicable for graphene quantum dots (GQDs) [213]. For one-step synthesized 

positively charged silica nanoparticles (SiNPs), heparin can result in aggregation 

of SiNPs, the heparin concentration can be readout from the extent of the 

fluorescence quenching caused by aggregation [214].  

In our study, when heparin was added into the BPEI-CDs solution, 

aggregates formed due to the electrostatic interaction between them. Higher 

concentration of heparin induced more aggregates, Thus, the fluorescence 

intensity of the residual dispersed BPEI-CDs after centrifugal removal of the 

aggregates can be a signal to reflect the concentration of heparin. Based on this, 

a simple heparin assay was developed using BPEI-CDs. 

3.2. Experimental 

3.2.1. Synthesis of BPEI-CDs 

BPEI-CDs were prepared by hydrothermal treatment of citric acid (CA) and 

branched polyethylenimine (BPEI). Briefly, 0.105 g of citric acid monohydrate 

(CA·H2O; purchased from Aladdin, Shanghai, China) was dissolved in 4 mL of 

ultrapure water (18.2 MΩ·cm, purified by a Direct-Q® 3 UV Water Purification 

System, all ultrapure water used in our experiments were purified by this 

machine), 1.0 g of branched polyethylenimine (BPEI; average Mw ~1,800, 

purchased from sigma-aldrich) was added into the aqueous solution. Then the 

mixture was transferred into a 10  mL Teflon‐lined autoclave and heated at 160 °C 

for 4 h. The obtained yellow solution was added into 45 mL of absolute ethanol 

(Purchased from sigma-aldrich) and shaken vigorously to form a suspension. The 

supernatant fluid of the suspension was discarded after centrifugation at 4,000 

rpm for 20 min. The obtained clear yellow jelly at the bottom of a tube was put 

in an oven at 80 ℃to evaporate excess ethanol.  The BPEI-CD thus obtained 

was re-dispersed in 5 mL of ultrapure water to form a uniform clear solution after 

ultrasonic oscillation.  
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3.2.2. Characterization of BPEI-CDs 

Transmission electron microcopy (TEM) images were taken by a JEOL-

2100F TEM, operating at 200 kV. The absorption spectra were measured by a 

UV–vis spectrophotometer (Ultrospec 2100 pro). The Zeta potential and dynamic 

light scattering (DLS) size were determined using a Zetasizer Nano Z system 

from Malvern Instruments Ltd. Fourier transform infrared spectrum (FT-IR) 

spectra were collected by a PerkinElmer Spectrum 100 FT-IR spectrometer 

(PerkinElmer Inc., USA). The photoluminescence experiments were carried out 

on an Edinburg FL920 fluorescence spectrometer equipped with a Xe light source 

and R928 detector (Edinburgh Instruments Ltd.). Absolute fluorescence quantum 

yield was measured by the FL920 fluorescence spectrometer equipped with an 

integrating sphere.   

3.2.3. Fluorescence detection of heparin in buffer 

For the fluorescence assay of heparin, BPEI-CDs were diluted 1000 fold in 

PBS buffer (10 mM). A series volume of heparin (2 mg/ml or 5 mg/ml) was added 

into 1mL of diluted PEI-CDs in a 1.5 ml of eppendorf to obtain final heparin 

concentration ranging from 2-30 μg/ml. For example, the final heparin 

concentration of 6ug/ml was mixture of 3ul of heparin (2 mg/ml) and 1ml diluted 

BPEI-CDs.  The final heparin concentration over than 10 μg/ml was mixture of 

several microliter of heparin (5 mg/ml) and 1ml diluted BPEI-CDs. Each 

eppendorf was shaken for 30 s on a vortex mixer. After standing for 1 h, the 

mixture solution was centrifuged at 12,000 g for 30 min, then 700 μL supernatant 

liquid was transferred to a new eppendorf for further PL spectra detection. Each 

concentration had three parallel repetition tests. All operation and measurements 

were performed at room temperature under ambient conditions. 

3.2.4. Assay of heparin in fetal bovine serum 

All fluorescence assays were conducted in biological media, 1% fetal 

bovine serum (FBS) in 10 mM of PBS buffer. 
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3.3. Results and discussion 

3.3.1. Synthesis and characterization of BPEI-CD 

As shown in Figure 3.1, TEM image shows that the diameter of BPEI-CDs 

are distributed mainly in the range of 2-4 nm with good crystalline structure. 

From the HRTEM image, the lattice spacing is measured to be 0.214 nm, which 

is consistent with previously reported BPEI-CDs [198]. The lattice spacing 

corresponds to (100) facet of graphite, demonstrating BPEI modification does not 

interfere the formation of graphitic structure during the synthesis of BPEI-CDs.  

 

Figure 3.1 (a) TEM image of BPEI-CDs. (b) HRTEM image of single BPEI-CD 

nanoparticle. (c) The lattice spacing illustrated by the line profile of (b).  

As shown in Figure 3.2, many characteristic absorption bands are shown in 

FTIR spectrum, giving information about the chemical composition of the BPEI-

CDs. The stretching of –CH is revealed by several peaks, 2953, 2834, 1458 and 

1387 cm-1. The absorption peak of C=C in cyclic alkene is located at 1581 cm-1, 

demonstrating the aromatic structure in BPEI-CDs. The absorption peaks at 1186 

and 1114 cm-1 are originated from C-O. The strong absorption band with peak at 

3306 cm-1 and the sharp peak at 1581 cm-1 are ascribed to the –NH from BPEI. 

No peak appear at ~1670 cm-1, which indicates there exists no amide groups on 

BPEI-CDs. However, signal of C-N in aromatic amine was found peaked at 1325 

cm-1. We can speculate that BPEI is functionalized to CDs through N doping into 

aromatic carbon to form either pyrrolic N with 5 member-ring structures or 

graphite N bonded with three neighbor C atoms [67]. This is very distinct from 

the previously reported BPEI-CDs that BPEI linked to CDs through the formation 

of amide between carboxyl groups of CDs and amine groups of BPEI, maybe this 
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is resulted from our preparation conditions that 4 hours hydrothermal treatment 

at 160 ℃ facilitates the N doping into carbon ring structures.  

 

Figure 3.2 FTIR spectrum of BPEI-CDs 

The as-synthesized BPEI-CD solution is a pale yellow, transparent solution 

under ambient light, and emits bright blue light under a UV lamp (365 nm). BPEI-

CDs show strong absorption in the range of 300 to 400 nm, the optimal excitation 

wavelength is located at around 350 nm. The fluorescence emission spectra of 

BPEI-CDs shows an excitation-independent PL behavior that the emission 

spectra peak at 450 nm regardless of the change of excitation wavelength as 

shown in Figure 3.3. The excitation-independent PL behavior is consistent with 

previous Dong’s results [198], and this phenomenon is ascribed to the uniform 

surface states existing on BPEI-CDs. The maximum emission is at 450 nm, a little 

blue shift compared with 460 nm obtained by Dong’s experiments, this may be 

resulted from the smaller size of our BPEI-CDs and the BPEI incorporation. 

When excited by UV light at 360 nm, the strongest blue emission is reached. The 

absolute fluorescence quantum yield (QY) of BPEI-CDs was measured to be 

23.8 % using a fluorescence spectrometer equipped with an integrating sphere. 

Besides, the fluorescence of BPEI-CDs in high-concentration salt solution is 

investigated to find that the fluorescence was hardly affected by salt concentration 

as shown in Figure 3.4, which indicates the promising potential application of 

BPEI-CDs in biological environment.  
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Figure 3.3  (a) Absorbance, optimal excitation and emission spectra of BPEI-

CDs; inset: photographs of BPEI-CDs solution under ambient light and UV light. 

(b) Fluorescence spectra of BPEI-CDs under different excitation ranging from 

300 to 400 nm.  

 

Figure 3.4 Fluorescence intensity of BPEI-CDs in solution with different 

concentration of NaCl. 

3.3.2. Heparin detection mechanism 

The heparin sensing mechanism is shown in Figure 3.5. When negatively-

charged heparin is added into well-dispersed BPEI-CDs solution, the solution 

turns cloudy because of the aggregates formation induced by electrostatic 

interaction between heparin and BPEI-CDs. After centrifugal removal of the 

aggregates, the residual BPEI-CDs show decreased PL intensity. The PL decrease 



99 

 

is the signal to reflect the concentration of heparin added into BPEI-CDs.  To 

prove the rationale for this assay, zeta potential is measured for BPEI-CDs, 

heparin and the mixed solution. As shown in Figure 3.6, BPEI-CDs are positively 

charged with a zeta potential value of about 16 mV, demonstrating that a lot of 

amine groups of BPEI are introduced to BPEI-CDs and take responsibility for the 

surface positive charge. While heparin is measured to take negative charge of 

about -11 mV. After they are well mixed, the mixture show zeta potential of -7 

mV, the negative charge but a smaller value than that of heparin may be resulted 

from the charge neutralization between them.    

 

Figure 3.5 Schematic illustration of the heparin detection mechanism. 
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Figure 3.6 Zeta potential of BPEI, heparin, BPEI-heparin mix solution 

The DLS results demonstrate the formation of aggregates after addition of 

heparin into BPEI-CDs solution as shown in Figure 3.7. Though the DLS size of 

the mixed solution increase with the concentration of heparin, it is not enough to 

deduce that more heparin added in BPEI-CDs solution produce larger aggregates. 

Only it is convincing that heparin destroys the stability of monodispersed BPEI-

CDs solution, large clusters generate. TEM images further give direct proof of 

the aggregates as shown in Figure 3.8, the size of the aggregates is hundreds of 

nanometers, consistent with DLS results.  
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Figure 3.7 DLS of BPEI-CDs, and BPEI-CDs mixed with heparin of 10, 20, 50 

μg/ml. Here concentration of BPEI-CDs were fixed at 10 μg/ml, and all the 

samples prepared in PBS solution (10 mM, pH 6).  

 

Figure 3.8 TEM images of BPEI-CDs (a), BPEI-CDs mixed with heparin of 10 

μg/ml (b, c). Here concentration of BPEI-CDs was 10 ug/ml, and all the samples 

prepared in PBS solution (10 mM, pH 6). 

The influence of the aggregates on fluorescence of BPEI-CD is investigated 

as shown in Figure 3.9. In presence of heparin, the mixed solution (blue curve) 

shows a little higher fluorescence intensity than the pure BPEI-CD (red curve), 

unlike the previous silicon nanoparticles that aggregates resulted in fluorescence 

quenching [214]. However, this extent of fluorescence enhancement cannot be 

ascribed to the aggregation induced fluorescence increase, but may due to the 

fluorescence scattering from the large clusters. It is clear that only addition of 

heparin into BPEI-CD and incubation cannot induce the fluorescence change. 
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Centrifugation is used to sedimentate the large clusters and collect the supernatant. 

The supernatant contains the residual dispersed BPEI-CDs that don’t interact with 

heparin. As proposed, the supernatant (cyan curve) shows diminished 

fluorescence compared with their counterpart without centrifugation (blue curve). 

Besides, only centrifugation of BPEI-CD won’t cause the decay in fluorescence, 

which further demonstrates that the fluorescence decrease was resulted from the 

removal of the aggregates of BPEI-CD-heparin. In addition, the time-resolved 

spectra of BPEI-CDs in absence and in presence of heparin are shown in Figure 

3.10. These spectra are fitted with double exponential decay formula to obtain the 

fluorescence lifetime. As demonstrated in Table 2, the existence and 

concentration of heparin has negligible influence on fluorescence lifetime of 

BPEI-CDs.  

 

Figure 3.9 Fluorescence spectrum of BPEI-CDs 10 μg/ml (red curve), upper 

solution after BPEI-CDs was centrifuged (green curve), BPEI-CDs mixed with 

heparin 10 μg/ml (blue curve), and upper solution after centrifugation of the 

mixed solution (cyan curve). Here all the samples were prepared in PBS (10 mM, 

pH 6). “(-)” means without heparin, “(+)” means with heparin.  
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Figure 3.10 Fluorescence lifetime of BPEI-CDs (black), in presence of heparin 

with concentration of 10 μg/ml (red), 20 μg/ml (blue), 50 μg/ml (cyan). Here all 

the samples were prepared in PBS (10 mM, pH 6). “(-)” means without heparin, 

“(+)” means with heparin.  

Table 2 Fluorescence lifetime extracted from time-resolved spectra of BPEI-CDs 

in absence of heparin (-), and in presence of different concentration of heparin 

(+). 

 
τ1 (ns) τ2 (ns) 

(-)Heparin 7.33 1.54 

(+)Heparin 10 μg/ml 7.31 1.59 

(+)Heparin 20 μg/ml 7.28 1.58 

(+)Heparin 50 μg/ml 7.14 1.53 

 

3.3.3. Heparin detection in PBS buffer 

Considering that BPEI-CDs have been demonstrated with pH-dependent PL, 

pH is an important factor that we must carefully optimized in heparin detection. 

Besides, when conducting heparin assay in blood or injections, extreme pH 
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environment is not common. Hence, we chose PBS buffer in the range of 5-8 to 

explore the appropriate condition for heparin assay as shown in Figure 3.11. The 

PL intensity of BPEI-CDs reaches the maximum when pH at 5.5, but gradually 

decreases at both lower pH and higher pH, which is attributed to the protonization 

of amine groups on BPEI-CDs surface. Different from the PL change with pH, 

the PL decrease in heparin assay only changes a little with pH ranging from 5-8, 

but has a peak value at pH 6. Allowing for the response sensitivity in heparin 

concentration detection, we selecte pH 6 as the optimal pH. 

 

Figure 3.11  PL intensity of BPEI-CDs in PBS buffer (10 mM) of different pH 

were shown in black columns. The ratio of PL decrease pH in heparin assay.  

As demonstrated before, adding heparin into BPEI-CDs solution generates 

aggregates due to the electrostatic interaction. The aggregates can be easily 

removed from the solution through centrifugation, while dispersed BPEI-CDs are 

retained in the solution. The concentration of heparin can be reflected by the 

decrease of fluorescence of BPEI-CDs ((F0-F)/F0). Here, heparin of different 

concentration are added into BPEI-CDs solution, the fluorescence spectra of 

BPEI-CDs after aggregates removal is shown in Figure 3.12. With increasing of 

heparin concentration, more BPEI-CDs are agglomerated, which means lower 

fluorescence intensity can be detected from the residual dispersed BPEI-CDs 

solution. The fluorescence decrease show good linear relationship with heparin 
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concentration in the range of 2-20 μg/mL. The linear regression equation is (F0 − 

F)/F0 = 0.03676 + 0.03294 Cheparin (μg/mL), with a correlation coefficient of 0.994. 

Moreover, based on 3σ/S (σ was the standard deviation of the blank signal, and S 

was the slope of the calibration curve), the limit of detection (LOD) is calculated 

to be 0.46 μg/ml (equal to 0.06 U/ml), comparable to that of previous research 

[217]. The influence of interferents on the sensing performance is investigated 

and the results are shown in Figure 3.13. Apart from the common ions and 

biomolecules, three heparin analogues that share the similar structure with 

heparin are tested: chondroitin sulfate (Chs), hyaluronic acid (HA), dextran (Dex). 

Though Chs and HA seemed have moderate influence on the fluorescence 

decrease, they can hardly interfere the detection of heparin in serum and injection 

since Chs mainly exists in animal cartilage tissue and HA is mainly found in 

extracellular matrix. Other ions and small molecules in serum won’t affect 

heparin detection.  

 

Figure 3.12  (a). Fluorescence spectra of BPEI-CDs after incubation with 

heparin of different concentration for 2 hours and centrifugal removal of the 

aggregates (b). The relationship between fluorescence decrease of BPEI-CDs 

denoted as (F0-F)/F0 and heparin concentration. Inset: the linear fitting plot. All 

the samples are prepared in PBS (10mM, pH6) and 3 repeats are conducted.  
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Figure 3.13 Fluorecence decrease of BPEI-CDs when responding to various of 

interferents. Concentration for heparin, Chondroitin sulfate (Chs), Hyaluronic 

acid (HA), Dextran (Dex) is 20 ug/ml. For other species, the concentration is 50 

uM. Here all the samples were prepared in PBS (10 mM, pH6), mixed with BPEI-

CDs solution for 2h and centrifuge to obtain the upper solution for measurement. 

For each sample, 3 repeats are conducted.  

3.3.4. Heparin detection in FBS solution 

In order to demonstrate the practical application of this BPEI-CDs based 

fluorescence assay for heparin detection in complex bionic environment, FBS 

solution is used to mimic the blood serum. A standard addition method is used, 

the results are shown in Table 3. The obtained values for heparin concentration 

are measured to be close to the addition concentration, with a recovery range of 

93.37 -109.65 %, and 101.59-104.58 %, respectively. The performance indicates 

the potential applicability of this method for the detection of Heparin in 

complicated real samples. 
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Table 3 Results of Heparin Determination by standard addition method in 1% 

FBS solution.  

 
Add (μg/ml) Found (μg/ml) Recovery RSD 

Sample 1 6 5.602 93.37% 8.69% 
 

6 5.780 96.33% 
 

6 6.579 109.65% 

Sample 2 10 10.458 104.58% 1.46% 
 

10 10.282 102.82% 
 

10 10.159 101.59% 

 

3.4. Summary 

We have synthesized positively charged carbon dots BPEI-CDs via a one-

step hydrothermal method. The positively charged BPEI-CDs can disperse well 

in water and various buffer, however we found that strong negatively charged 

heparin can break the stable dispersion of BPEI-CDs and produce visible 

precipitates. Further investigation confirms that the precipitates is resulted from 

the electrostatic interaction between heparin and BPEI-CDs. Though, the 

precipitates existing in the solution hardly influence the fluorescence of BPEI-

CDs, the fluorescence of the residual dispersed BPEI-CDs solution decreases 

after removal of the precipitates by simple centrifugation. Based on this 

phenomenon, we’ve developed a heparin assay method with a linear detection 

range of 2-20 μg/mL and detection limit of 0.46 μg/mL. Most common inorganic 

ions and biomolecules in blood have been tested as interferents, they are 

demonstrated no to interfere the performance of heparin detection. The detection 

is also conducted in complex solution such as FBS solution to demonstrate the 

potential application in real sample.   
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4.1. Introduction 

Apart from nanoscale fluorescent CDs or GQDs, we also hope to explore the 

possibility of synthesis and application of fluorescent carbon particles in micron 

scale, which may exert distinct advantages than nanoparticles in certain 

applications. However, previous research about intrinsic fluorescent carbon 

microspheres are very limited. 

Traditional carbon-based microspheres have been widely applied in 

adsorption [228], catalysis [229], lithium storage [230], hydrogen storage [231], 

drug delivery [232] and electrode materials [233] etc. They are fabricated by 

chemical vapor deposition [234], pyrolysis [235], and hydrothermal treatments 

[236]. Among the various methods, hydrothermal method has advantages over 

others for the following reasons. 1) Mild reaction temperature (<300 °C), which 

means this method is more energy-saving in large scale production. 2) 

Environmental-friendly, because no organic solvents are involved, and no hazard 

pollutant is drained. 3) The size, morphology can be tailored easily via adjusting 

the reaction conditions such as the concentration, temperature and reaction time 

etc. Hence, hydrothermal method seems a trend to fabricate carbon microspheres. 

In our study, we also tried to use hydrothermal method to synthesis fluorescent 

carbon microsphers.   

Previously, saccharides are the most widely used starting materials for 

hydrothermal preparation of carbon microspheres. At 2001, Wang et al used sugar 

as precursor to prepare monodispersed hard carbon spherules via two steps: 

dewatering via hydrothermal at 190 °C for 5 h and then carbonization at 500-

1000 °C in argon atmosphere [230]. Similarly, Mi et al prepared carbon 

microspheres by hydrothermal of glucose solution with an optimal reaction 

condition of 500 °C and 12 h [237]. Actually, the reaction temperature is much 

higher than that commonly used in hydrothermal methods. Using only sugar 

Chapter 4 : Gadolinium-doped carbon 

microspheres with fluorescent and magnetic 

properties for cell labelling                              
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solution as precursor, the obtained carbon microspheres have smooth surface with 

uniform size, diameters ranging from hundreds of nanometers to a few microns 

according to different precursor concentration and reaction time [230]. In 

presence of a co-monomer acrylic acid, the carbon microspheres prepared from 

hydrothermal treatment of glucose solution contain abundant carboxylate groups 

[228]. Instead of smooth surface with regular sphere morphology, the carbon 

microspheres obtained in presence of acrylic acid are constituted of small 

aggregated particles (~250 nm). Ryu et al tried to use phenolic compounds as co-

monomers to hydrothermal with sugar to enhance the productivity [236]. Except 

for monosaccharides, polysaccharides such as starch and cellulose have also been 

used as starting materials for hydrothermal preparation of carbon microspheres 

[238,239]. Tititrici et al have compared the carbon microspheres hydrothermally 

prepared from different saccharides (glucose, xylose, maltose, sucrose, 

amylopectin, starch) and saccharides derivates (5-hydroxymethyl-furfural-1-

aldehyde (HMF) and furfural) [240]. They found that carbonaceous materials 

prepared from hexoses-based saccharides shared common chemical nature in 

terms of elemental composition and functional groups, which means that the 

complexity of saccharides (mono- or poly-saccharide) didn’t influence on 

hydrothermal forming carbonaceous materials. Whereas, pentose-based 

carbonaceous materials showed very different morphology and disperse states 

from hexoses-based carbonaceous materials, which indicated that the number of 

carbon in saccharides contributed to the main difference in forming mechanism.  

Despite the fact that preparing carbon microspheres from saccharides has 

been extensively investigated, carbon microspheres obtained from other small 

molecules is still at early stage. Olive-shaped carbon microstructures have been 

synthesized by pyrolysis of acetone at 600 °C in presence of metallic catalyst 

[241]. The formation of olivary carbon microstructures was due to the indirectly 

catalytic and self-assemble process. Besides, in presence of metallic calcium, 

carbon microspheres with uniform diameters of 1-2 μm can also be prepared by 

chemical reduction of supercritical CO2 at 550 °C [242]. However, these 

preparation methods needs high temperature to initiate the reactions, and catalyst 

is necessary. A hydrothermal method without catalyst is more preferred. Tan et al 

used citric acid (CA) and urea as starting materials to prepare activated porous 
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carbon via a three-step fabrication process [6], hydrothermal treatment of CA and 

urea to synthesize the hydrochar, then, high-temperature carbonization of the 

hydrochar in Ar atmosphere, followed by activation with KOH. However, the 

obtained porous carbon didn’t have a regular morphology, which may restrict its 

applications. In another research, Liu et al used sodium citrate with glucose as 

the starting materials to prepare uniform carbon microspheres, during which 

sodium citrate played an important role in growth of carbon microspheres and 

surface passivation [171]. Besides, they not only noticed the fluorescence 

emissions from the carbon microspheres, but also conjugated MRI T1-weighted 

imaging contrast agent Gd-DPTA to carbon microspheres to achieve a 

multifunctional magnetic-fluorescent imaging probe. This trial paved way for 

application of carbon microspheres in bio-imaging field. In another study, CA 

was found beneficial for decreasing aggregation of carbon microspheres and 

formation of larger particles [243].  

After reviewd previous research about carbon microspheres, we thought we 

may try to use CA as starting material to hydrothermally prepare carbon 

microspheres with fluorescence properties. Besides, Gd containing agents may 

be used during synthesis to render our fluorescent carbon microsphers with 

magnetic properties. In our study, we explored a method to fabricate Gd-doped 

carbon microspheres (GdCMS) by one-step hydrothermal of CA in presence of 

ethylenediamine (EDA) and gadolinium chloride (GdCl3). The obtained Gd-

doped carbon microspheres emit strong fluorescence, and can weak respond to 

permanent magnet.  

4.2. Experimental 

4.2.1. Synthesis of GdCMS 

GdCMS were prepared by one-step hydrothermal treatment of citric acid 

monohydrate (CA·H2O; purchased from Aladdin, Shanghai, China), gadolinium 

chloride hexahydrate (GdCl3·6H2O; purchased from Alfa Aesar, USA) and 

Ethylenediamine (EDA; purchased from Sigma-Aldrich, USA). Briefly, 0.105 g 

of CA·H2O (0.5 mmol), 55.74 mg of GdCl3·6H2O (0.15 mmol) and 20 μL of EDA 

were dissolved in 5 mL of ultrapure water (18.2 MΩ·cm, purified by a Direct-
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Q® 3 UV Water Purification System, all ultrapure water used in our experiments 

were purified by this machine), after sonicating at room temperature for 10 min, 

the homogeneous solution was transferred into a 10 mL Teflon-lined stainless 

steel autoclave, heating in an oven at 200 °C for 4 h. After cooling down to room 

temperature, the product was collected and centrifuged at 6000 rpm for 10 min to 

obtain the precipitates, followed by rinsing with ultrapure water for 3 times, the 

precipitates were finally dried at 80 °C in an oven to obtain the pale yellow 

powder.  

4.2.2. Characterization of GdCMS 

The information about the shape, size and morphology of the GdCMS were 

obtained by a field emission scanning electron microscope (FESEM; JEOL). 

Fourier transform infrared (FT-IR) spectra were recorded on a Fourier-transform 

infrared spectrometer (FTIR; BRUKER). X-ray photoelectron spectroscopy 

(XPS) analysis was performed by a SKL-12 spectrometer modified with VG 

CLAM 4 multichannel hemispherical analyser. Scanning electron microscope 

images with Elemental mapping was taken by a scanning electron microscope 

(Tescan VEGA3) with energy dispersive X-ray spectroscopy (EDX) detector. 

Thermogravimetric Analysis (TGA) was performed using a TGA system (Mettler 

Toledo). The magnetic hysteresis loop was measured by a vibrating sample 

magnetometer (VSM; Lakeshore). MR images and relaxivity were obtained by a 

Bruker BioSpec 9.4T animal MRI system. Confocal optical micrographs were 

obtained using a confocal laser scanning microscope (Leica SP8, Nikon). 

4.2.3. Conjugation of EpCAM antibody to GdCMS 

The obtained GdCMS powder were re-dispersed in ultrapure water to form a 

stock solution of 10 mg/mL. 100 uL of N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) solution (100 mM in ultrapure water ) 

and 100 uL of N-Hydroxysuccinimide (NHS) solution (100 mM in DI water) 

were mixed with 100 uL of GdCMS solution (10 mg/mL), and reacted in 4-

morpholinoethanesulfonic acid (MES) buffer (10 mM, pH 4.5) for 30 min to 

activate the carboxyl groups on the surface of GdCMS. Then the mixture was 

centrifuged at 6000 rpm for 10 min to remove unreacted EDC and NHS, leaving 

the COOH groups activated GdCMS. Then 50 uL of streptavidin (Invitrogen, 



112 

 

USA) solution (1 mg/mL, prepared in 10 mM of sterilized PBS buffer, pH 7.4) 

was added into the carboxyl groups activated GdCMS, this reaction was 

conducted in sterilized PBS buffer (10 mM, pH 7.4). After shaking for 8 h at room 

temperature, streptavidin conjugated GdCMS were collected by centrifugation 

(6000 rpm, 10 min). After excess streptavidin were removed, 50 uL of 

biotinylated EpCAM antibody solution (Invitrogen, USA, 0.2 mg/mL) was added 

to react with GdCMS-strepavidin in sterilized PBS buffer (10 mM, pH 7.4), 

shaking overnight at room temperature. Finally, the unconjugated antibody were 

removed by centrifugation. The GdCMS-strepavidin-EpCAM antibody (denoted 

as EpAb-GdCMS) were re-dispersed in 1 mL of sterilized PBS buffer (10 mM, 

pH 7.4) for further use.  

4.2.4. Labeling adherent cells with EpAb-GdCMS 

Human breast carcinoma epithelial cells (MCF-7 cells) were purchased from 

American Type Culture Collection (ATCC) and cultured in completed DMEM 

culture medium (Life technologies, USA) supplemented with 10 % of fetal 

bovine serum (Life technologies, US origin), and 5 % of penicillin streptomycin 

glutamine (Life technologies, USA). The cells were cultured at 37 °C in a 

humidified atmosphere with 5 % CO2. After cells grew to an 80 % convergence 

in a T25 cell culture flask, the cells were digested by trypsin-EDTA (Life 

technologies, USA) for passage and further experiments. MCF-7 cell suspension 

was seeded in a confocal dish (cover-glass bottom dish) with a concentration of 

1×105 cells/mL. After incubation overnight, the EpAb-GdCMS (100 μg/mL of 

GdCMS) were added into the confocal dish. After further incubation for 4 h, the 

excessive EpAb-GdCMS was rinsed by sterilized PBS buffer for 3 times. The 

MCF-7 cells were observed and fluorescence images were taken by a confocal 

microscopy using 405 nm as the excitation laser source, and emission band was 

set as 480–550 nm.  

4.2.5. Labeling suspension cells with EpAb-GdCMS and 

magnetic separation 

After MCF-7 cells were digested and redispersed in completed DMEM cell 

culture medium, EpAb-GdCMS (100 μg/mL of GdCMS) were added into 1×106 
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cells/mL of cell suspension and circulated by a peristaltic pump system with shear 

force of 20 dyne/cm2. After circulation for 2 h at 37 °C, the mixture were 

transferred to a clean centrifuge tube, followed by putting the centrifuge tube 

beside a magnet, standing for 5 min. The solid attracted to attach on the side wall 

of the centrifuge tube were collected and redispersed in completed DMEM, then 

seeded into a confocal dish for cell adhesion. After 4 h of incubation  at 37 °C 

in a humidified atmosphere with 5 % CO2, the MCF-7 cells were observed and 

fluorescence images were taken by a confocal microscopy using 405 nm as the 

excitation laser source, and emission band was set as 480–550 nm.  

4.2.6. Cell nuclei staining with SYTO 82 

MCF-7 cells were labeled with orange fluorescence SYTO 82 dyes 

(Invitrogen, USA). Briefly, cell culture medium was removed and MCF-7 cells 

were rinsed twice by HBSS buffer (Gibco, USA). Then small amounts of SYTO 

82 solution diluted to 0.5 μM in HBSS was added to confocal dish to cover the 

cells. After incubation away from light for 15 min in a 37 °C incubator, the 

staining solution was removed, cells were rinsed twice with HBSS and incubated 

in small amounts of fresh completed DMEM cell culture medium for microscopy.   

4.3. Results and discussion 

4.3.1. Morphology and structure of the GdCMS 

GdCMS were obtained after one-step hydrothermal treatment of the mixture 

solution of CA, GdCl3, and EDA. However, no solid products can be collected 

without GdCl3, which indicates that Gd3+ takes an important role in the formation 

of GdCMS. The morphology of GdCMS obtained in presence of different amount 

of GdCl3 was characterized by FESEM as shown in Figure 4.1. When amount of 

GdCl3 was 0.025 mmol, most of the materials were loosened, not forming regular 

microspheres. With increasing the amount of GdCl3 from 0.025 to 0.15 mmol, 

more dispersed microspheres formed on a large scale. However, the excess GdCl3 

was also detrimental for microspheres, that too much holes seemed tear the 

microspheres to fragments. As a result, the ratio of GdCl3 to CA of 20-30 % was 

appropriate for synthesis of microspheres.   
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Figure 4.1 SEM images of GdCMS prepared in presence of different amount of 

Gd: 0.025 mmol (a), 0.05 mmol (b), 0.01 mmol (c), 0.15 mmol(d), and 0.3 mmol 

(e). All the GdCMS were prepared with citric acid of 0.5 mmol, EDA of 20 μL at 

200 °C for 4 h. 

On the other hand, the influence of EDA on the morphology of microspheres 

was also assessed as shown in Figure 4.2. With increasing of volume of EDA 

from 20 μL to 60 μL, the surface of GdCMS became more smooth. In presence 

of EDA of 60 μL, well-dispersed GdCMS with perfect sphere structure were 

obtained. However, when volume of EDA reach 80 μL, the as-synthesized 

microsphers were no longer mono-dispersed, many were interconnected.  
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Figure 4.2 SEM images of GdCMS prepared in presence of different amount of 

EDA: 20 μL (a,b), 40 μL (c,d), 60 μL (e,f), 80 μL (g,h). All the GdCMS were 

prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol at 200 °C for 4 h.  

The rough surface of GdCMS prepared in presence of 20 μL of EDA had 

attracted our interest to see if the carbon microspheres have porous structure. The 

size nanlysis of the GdCMS and enlarged surface structure were shown in Figure 

4.3. The diameters of GdCMS were distributed in the range of 1-10 μm with an 

average diameter of 4 μm. Large amounts of pores with size around 100 nm were 
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found on the surface of the GdCMS, implying that the GdCMS had a loose and 

porous structure. According to Liang et al, the carbon materials with pores of such 

big size are classified into macroporous [244]. Based on that such large pores are 

not suitable for being analysed by BET, we didn’t measure the BET surface area.  

To investigate the elemental consititution of GdCMS, elemental mapping of 

GdCMS is shown in Figure 4.4. Strong signal from C, O, Gd were collected, 

demonstrating the successful doping of Gd into the GdCMS. Beside, EDA was 

also incorporated into GdCMS based on the signal of N, indicating that EDA here 

was not a catalyst, but a co-monomer taking part in the reaction.  

 

Figure 4.3 SEM image at a low magnification (a) and high magnification (b) of 

GdCMS prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and EDA of 

20 μL at 200 °C for 4 h.  

 

 

Figure 4.4 SEM image (a), elemental maps (b-e) of GdCMS. The GdCMS was 

prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and EDA of 20 μL at 

200 °C for 4 h. 
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The full-scan and high resolution XPS spectra of GdCMS was collected as 

shown in Figure 4.5 to explore their composition and chemical bonds. The 

characteristic peaks corresponding to C 1s (284.8 eV), N 1s (399.9 eV), O 1s 

(531.5 eV) were observed in the XPS survey spectrum. Moreover, both the peak 

of Gd 3d (1188.1 eV) and Gd 4d (144.5 eV) were found, consistent with the 

elemental mapping results. The content of Gd in GdCMS was determined to be 

42.08 % (w/w) by ICP-MS. The high-resolution XPS C 1s spectrum could be 

deconvoluted to four Gaussian peaks. Specifically, the peak at 284.8.0 eV was 

attributed to graphitic carbon, implying that the existence of sp2 carbons. The 

other two peaks were assigned to the carbon atoms in C–O/C-N (286 eV), and 

COOH (288.5 eV). The O 1s band contains peaked at 531.4, 532.6 for C-O and 

C=O, respectively. The high-resolution XPS N 1s spectrum can be deconvoluted 

into two Gaussian peaks at 399.8, and 401.5 eV, representing the presence of 

pyrrolic N and graphite N in GdCMS, respectively. The Gd 3d 5/2 peak (1186.4 

eV) was found. High resolution Gd 4d spectrum can be deconvoluted into peaks 

of Gd 4d 3/2 (148.6 eV) and Gd 4d 5/2 (143.4 eV), respectively. The Gd 4d 

pattern was perfect agreement with that of gadopentetic acid [245], demonstrating 

the Gd existed in the form of Gd chelates with carboxyl groups and N in GdCMS.  

 

Figure 4.5 XPS results of GdCMS. Survey spectrum (a); high-resolution 

spectrum of  C 1s (b); O 1s (c); N 1s (d); Gd 3d (e); Gd 4d (f). The GdCMS was 

prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and EDA of 20 μL at 

200 °C for 4 h. 

In addition, the FT-IR spectrum of GdCMS was shown in Figure 4.6. The 
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peak at 1412 cm-1 was assigned to the bending of –OH groups in carboxylic acid. 

The peak at 1570 cm-1 was resulted from C=O stretching, the shift of the peak 

may be due to the Gd chelation [246]. Other peaks at 1248 cm-1 and 1048 cm-1 

are attributed to C=O stretching. The broad band centered at 3397 cm-1 was due 

to the hydroxyl groups and moist of sample. TGA results showed that when 

temperature up to 900 ℃, after most organic composition have decomposed, 40 % 

of the weight was still left, demonstrating a high Gd doping rate.  

 

Figure 4.6 FT-IR spectrum of GdCMS prepared with citric acid of 0.5 mmol, 

GdCl3 of 0.15 mmol and EDA of 20 μL. Conditions: 200 °C, 4 h. 
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Figure 4.7 TGA curve of GdCMS in nitrogen atmosphere, heating rate 10 °C min-

1. The GdCMS was prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol 

and EDA of 20 μL at 200 °C for 4 h. 

4.3.2. Formation mechanism of the GdCMS 

As previously demonstrated, CA can be a precursor to prepared graphene 

quantum dots and graphene oxide via tuning the degree of carbonization [93]. In 

the presence of EDA, hydrothermal of CA and EDA can produce N-doped carbon 

dots, on which N exist in the form of either pyrrolic N or graphite N [67]. Gd can 

chelate with both carboxyl groups and N-containing groups, it has been 

demonstrated that Gd can be successfully doped into carbon dots through one-

pot hydrothermal of CA, EDA and GdCl3 [247]. The formation of Gd-doped 

carbon dots (Gd-CD) was explained by three-step process, that small-sized 

carbon nucleis were formed by polymerization of CA and EDA at first stage. Then 

at second stage, Gd was chelated with oxygen and nitrogen on surface of carbon 

dots and the Gd-CDs grow from a few nanometers to tens of nanometers with 

increasing of reaction time. At third stage, the insoluble solids formed with 

extension of reaction time due to carbonization. The three-stage formation 

mechanism of Gd-CD proposed by Xu et al was also suitable for explaining the 
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formation of GdCMS. The generation of GdCMS was thought to occur in the 

stage 3. However, the GdCMS was obtained only after 4 h of hydrothermal. The 

key point to produce the GdCMS is the content of Gd and EDA, as we 

demonstrated before by SEM images. Too much of Gd contributed to cracked 

structure of GdCMS, while, excess of EDA resulted in interconnect between 

GdCMS. When preparing Gd doped carbon dots (Gd-CD), most times the adding 

volume of EDA was excessive for formation of GdCMS, only polymerized solid 

is found rather than dispersed GdCMS because large amounts of EDA 

exacerbated the degree of polymerization. That’s why GdCMS is ignored when 

preparing Gd-CD, and it was the first time that mono-dispersed micro-sized 

carbon microspheres containing Gd were obtained from the one-pot hydrothermal 

method. 

4.3.3. Fluorescence properties and magnetic properties of 

GdCMS 

After drying in oven, the obtained GdCMS were pale-yellow powder, and 

strong blue fluorescence under 365 nm UV lamp excitation was observed from 

the GdCMS as shown in Figure 4.8. Besides, when dispersed on a glass slide with 

a very diluted concentration and observed by a fluorescence microscope, the 

GdCMS showed excitation-dependent emission behaviors. As shown in Figure 

4.9, the GdCMS emited blue, green and red with changing the excitation light 

from UV, blue to green, respectively. The fluorescence emission was ascribed to 

two possible reasons: 1) the incomplete carbonization that produced nanosized 

CDs on the GdCMS; 2) passivation of the surface of GdCMS by citrate [171].  
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Figure 4.8 GdCMS powder at ambient light (a) and under 365 nm UV light (b). 

The GdCMS was prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and 

EDA of 20 μL at 200 °C for 4 h. 

 

Figure 4.9 Images of GdCMS taken by a fluorescence microscope under bright 

field (a); excited by UV light (b); excited by blue light (c); excited by green light 

(d). The GdCMS was prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol 

and EDA of 20 μL at 200 °C for 4 h. 
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Due to the high content of Gd successfully doped into GdCMS, which was 

previously demonstrated by ICP-MS and XPS, we even found that the GdCMS 

suspension shows weak response to a permanent magnet as shown in Figure 4.10. 

To further characterize the magnetic properties of GdCMS, the room temperature 

magnetization curve was measured by VSM as shown in Figure 4.11. The 

GdCMS exhibited paramagnetic behaviour. The paramagnetic nature was 

resulted from the presence of Gd3+ with half-filled f-orbitals with seven electrons 

[248]. As a result, the paramagnetic GdCMS showed potential for being applied 

as a MR imaging contrast agent.   

 

Figure 4.10 GdCMS can be attracted by a permanent magnet, the images are 

taken under ambient light (a) and UV light (b). The GdCMS was prepared with 

citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and EDA of 20 μL at 200 °C for   4 

h. 

 

Figure 4.11 Magnetization curve measured at room temperature for GdCMS. The 

GdCMS was prepared with citric acid of 0.5 mmol, GdCl3 of 0.15 mmol and 

EDA of 20 μL at 200 °C for 4 h. 
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T1-weighted MR phantom images and relaxivity of GdCMS were conducted 

in a 9.4 T MR scanner at 25 ℃. As shown in Figure 4.12, with increasing of Gd 

concentration, the T1-MR images turned brighter, indicating the potential of 

GdCMS to enhance the T1-weighted MRI contrast. Besides, the r1 relaxivity 

obtained from linear fitting r1 relaxivity curve was determined to be 13.44 mM-

1s-1, demonstrating the great potential for GdCMS as a T1-weighted MRI contrast 

agent.   

 

Figure 4.12 (a) T1-weighted phantom MR images of GdCMS; (b) r1 relaxivity 

curve of GdCMS. 

4.3.4. Biomolecule functionalization of GdCMS and cell labeling 

EpCAM antibody was conjugated to GdCMS via two-step reaction, firstly 

GdCMS was functionalized with streptavidin, then biotinylated EpCAM 

antibody specifically interacted with streptavidin on surface of GdCMS to 

achieve EpAb-GdCMS. The obtained EpAb-GdCMS showed a little different 

with bare GdCMS by SEM image as shown in Figure 4.13 (a), the surface of 

GdCMS seemed covered with a layer of substance, may result from the 

streptavidin and antibody conjugation, or from some protein adsorption, was an 
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indirect proof of functionalization. EpCAM was demonstrated overexpressing on 

MCF-7 cells [249], the EpAb-GdCMS was aimed to label MCF-7 cells through 

interacting with the antigen on cell membrane of MCF-7 cells. After 4 h 

incubation with adherent MCF-7 cells, some EpAb-GdCMS emitting bright 

fluorescence were found binding to the surface of MCF-7 cells, demonstrating 

that functionalization didn’t affect the fluorescence of GdCMS and EpAb-

GdCMS showed capability to label EpCAM overexpressed cells. We also used 

EpAb-GdCMS to label suspension MCF-7 cells. Since cells and EpAb-GdCMS 

were apt to deposit at the bottom, detrimental for their interaction, a peristaltic 

pump was used to circulate the mixture of cells and EpAb-GdCMS to keep from 

deposition and increase their interactions. Though weak responsed to magnet, 

EpAb-GdCMS can be attracted to side wall of centrifuge tube in presence of a 

big magnet as shown in Figure 4.13 (a) indicated by the red frame. The white 

solid after magnetic separation were supposed to be EpAb-GdCMS and MCF-7 

cells captured by EpAb-GdCMS. The hypothesis was confirmed by the confocal 

microscopy images as shown in Figure 4.14 (b), some cells were observed with 

EpAb-GdCMS existing on their surface. 

 

Figure 4.13 SEM image of GdCMS after functionalized with streptavidin and 

EpCAM-antibody (a). Confocal images of EpCAM-GdCMS labeled MCF-7 cells 

under bright field (b), excited by 405 nm (c), excited by 540 nm (d), and overlay 

of the green fluorescence channel and red fluorescence channel (e).   



125 

 

 

 

Figure 4.14 Left: pictures to show the protocol of magnetically separation of 

GdCMS labeled MCF-7 cells through two steps: circulation of MCF-7 cells with 

EpCAM-GdCMS, and separation by a permanent magnet.  

 

4.4. Summary 

In summary, we have synthesized Gd doped carbon microspheres by a 

simple one-step hydrothermal method conducted in one pot. The formation of the 

uniform and monodispersed GdCMS was closely related to the proportion of 

starting materials. The formation of GdCMS involved three stages - Nucleation, 

polymerization, and carbonization. The GdCMS was composited of C, O, Gd, N, 

H, with a Gd content up to 42.8 %. Gd chelated with oxygen- and nitrogen-

containing groups to form stable structure in GdCMS. Besides, the oxygen-

containing groups such as carboxyl groups can be further used to 

functionalization of the GdCMS. The GdCMS was novel for the easy 

combination of fluorescence properties and magnetic properties, which makes it 

possible to act as a fluorescence/MR bimode imaging contrast agent. Moreover, 

they can be functionalized with biomolecule targeting agents such as antibody to 

label cells or capture biomacromolecules and conduct magnetic separation, as we 

demonstrated by EpCAM antibody conjugated GdCMS labeling MCF-7 cells.   

However, the exploration of GdCMS is not enough. Future work can be done 

from the following aspects: 
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1) The pores of GdCMS may be tuned to mesopores if appropriate synthesis 

conditions are satisfied, which may promote its use in other areas such as 

adsorption, energy storage etc. 

2) The magnetic characterization of GdCMS needs further investigation to 

explain why the paramagnetic GdCMS can respond to a magnet.  

3) The application of cell labelling and separation needs more improvements 

from the following aspects: efficiency, specificity of labelling and operability 

of magnetic separation.  
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In this dissertation, we focused on carbon-based nanodots and microspheres 

to conduct three projects, including study of cellular uptake with N-CDs, 

development of heparin biosensor with BPEI-CDs, and study of magnetic/ 

fluorescent dual-mode GdCMS. The strategy is to synthesize the nano- or micro- 

materials, then characterize their properties. After understanding the intrinsic 

features of the materials, we apply them to biosensing or bioimaging with 

functionalization or without further modification.  

Since carbon dots composed of only C, H, O have been extensively 

investigated and been demonstrated with limited applications. In our study, we 

prepared hetero-atom doped carbon dots to improve or modify the properties. For 

example, the N-CDs showed enhanced fluorescence than pure CDs because of 

the N doping; the BPEI-CDs had distinct positively charged surface, making it 

very convenient to interact with negatively charged molecules to develop 

biosensor; Gd doping rendered carbon microspheres with unprecedented 

paramagnetic properties, making it potential to be as a fluorescence imaging/MRI 

dual modality imaging contrast agent.  

We met some difficulties in conducting these projects. When optimizing the 

synthesis conditions, we need to know how the factors such as proportion, 

temperature, time can influence the formation of products, which is not easy to 

get understood since some characterization technique give ambiguous 

information that need very careful analysis. Besides, when we are performing 

experiments with cells on PAA gel substrates of different stiffness, the variation 

between repeat experiments is high due to cell responding to stiffness didn’t at a 

constant level at each time. A cell is a complex organism system, it’s difficult to 

ensure that cells of different batches are in the same conditions. Thus, when 

conducting cell experiments, more repeats and longer time are inevitable. 

Another difficulty is about carbon microspheres, we’ve obtained GdCMS with 

rough surface and magnified images of surface showed that the GdCMS have 

many pores. Porous structure is attractive since it’s important role in energy 

storage, adsorption and so on. However, the pores on surface of GdCMS showed 

diameters of tens of nanometers, which is not applicable for characterization by 

Chapter 5 : Conclusion 
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BET and hindered its further use.  

For future research, we think there is much room to explore. For the cellular 

uptake of N-CDs on different stiffness substrates, the intracellular expression of 

proteins involved in response to stiffness should be evaluated to verify our 

hypothesis. And N-CDs can be used to deliver drugs or genes to cells on different 

stiffness substrates to enhance the drug/gene delivery efficiency. For BPEI-CDs, 

the strong positive charges can bring advantages in condensing DNA in vitro, 

thus, BPEI-CDs show great potential in gene delivery as well as cell imaging. For 

GdCMS, we’ve observed its response to permanent magnet, however compared 

with iron nanoparticles, the magnetic force is much weaker, which hindered high 

efficient separation of targeted cells by magnet. We need further exploration of 

the novel Gd doped carbon microspheres to see if the magnetic properties can be 

enhanced. Beside, for mixing of cells and microspheres followed by magnetic 

separation, maybe microfluidic chip is a good platform the meet these 

requirements. And through deliberate design of a microfluidic chip and 

functionalize of GdCMS, multiple cell recognition and separation may also be 

achieved.         

  



129 

 

[1] Lavis, L. D.; Raines, R. T.Bright Ideas for Chemical Biology. 2007, 3 (3). 

[2] Resch-Genger, U.; Grabolle, M.; Cavaliere-Jaricot, S.; Nitschke, R.; Nann, 

T.Quantum Dots versus Organic Dyes as Fluorescent Labels. Nat. Methods 

2008, 5 (9), 763–775. 

[3] Zhang J, Campbell RE, Ting AY, Tsien RY.Creating New Fluorescent 

Probes for Cell Biology. Nat. Rev. Mol. Cell Biol. 2002, 3 (December), 

906–918. 

[4] Monici, M.Cell and Tissue Autofluorescence Research and Diagnostic 

Applications. Biotechnol. Annu. Rev. 2005, 11 (SUPPL.), 227–256. 

[5] Nune, S. K.; Gunda, P.; Majeti, B. K.; Thallapally, P. K.; Forrest, M. 

L.Advances in Lymphatic Imaging and Drug Delivery ☆. Adv. Drug Deliv. 

Rev. 2011, 63, 876–885. 

[6] Yao, J.; Yang, M.; Duan, Y.Chemistry, Biology, and Medicine of 

Fluorescent Nanomaterials and Related Systems: New Insights into 

Biosensing, Bioimaging, Genomics, Diagnostics, and Therapy. Chem. Rev. 

2014, 114 (12), 6130–6178. 

[7] Weber, G.Intramolecular Transfer of Electronic Energy in Dihydro 

Diphosphopyridine Nucleotide [5]. Nature. Nature Publishing Group 

December 21, 1957, p 1409. 

[8] Shimomura, O.; Johnson, F. H.; Saiga, Y.Extraction, Purification and 

Properties of Aequorin, a Bioluminescent Protein from the Luminous 

Hydromedusan, Aequorea. J. Cell. Comp. Physiol. 1962, 59 (3), 223–239. 

[9] Prasher, D.; McCann, R. O.; Cormier, M. J.Cloning and Expression of the 

CDNA Coding for Aequorin, a Bioluminescent Calcium-Binding Protein. 

Biochem. Biophys. Res. Commun. 1985, 126 (3), 1259–1268. 

[10] Chalfie, M.; Tu, Y.; Euskirchen, G.; Ward, W. W.; Prasher, D. C.Green 

Fluorescent Protein as a Marker for Gene Expression. Science (80-. ). 1994, 

263 (5148), 802–805. 

[11] Jensen, E. C.Use of Fluorescent Probes: Their Effect on Cell Biology and 

Limitations. Anat. Rec. 2012, 295 (12), 2031–2036. 

References 



130 

 

[12] Andreescu, S.; Sadik, O. A.Trends and Challenges in Biochemical Sensors 

for Clinical and Environmental Monitoring*. Pure Appl. Chem 2004, 76 

(4), 861–878. 

[13] Riu, J.; Maroto, A.; Rius, F. X.Nanosensors in Environmental Analysis. 

Talanta 2006, 69, 288–301. 

[14] Patel, P. .(Bio)Sensors for Measurement of Analytes Implicated in Food 

Safety: A Review. TrAC Trends Anal. Chem. 2002, 21 (2), 96–115. 

[15] Gooding, J. J.Biosensor Technology for Detecting Biological Warfare 

Agents: Recent Progress and Future Trends. Anal. Chim. Acta 2006, 559 

(2), 137–151. 

[16] Alivisatos, A. P.Semiconductor Clusters, Nanocrystals, and Quantum Dots. 

Science (80-. ). 1996, 271 (5251), 933–937. 

[17] Dahan, M.; Laurence, T.; Pinaud, F.; Chemla, D. S.; Alivisatos, A. P.; Sauer, 

M.; Weiss, S.Time-Gated Biological Imaging by Use of Colloidal 

Quantum Dots. Opt. Lett. 2001, 26 (11), 825. 

[18] Chan, W. C. W.; Nie, S.Quantum Dot Bioconjugates for Ultrasensitive 

Nonisotopic Detection. Science (80-. ). 1998, 281 (5385), 2016–2018. 

[19] Kloepfer, J. A.; Mielke, R. E.; Wong, M. S.; Nealson, K. H.; Stucky, G.; 

Nadeau, J. L.Quantum Dots as Strain- and Metabolism-Specific 

Microbiological Labels. Appl. Environ. Microbiol. 2003, 69 (7), 4205–

4213. 

[20] Derfus, A. M.; Chan, W. C. W.; Bhatia, S. N.Probing the Cytotoxicity of 

Semiconductor Quantum Dots. Nano Lett. 2004, 4 (1), 11–18. 

[21] Bradley, M.; Alexander, L.; Duncan, K.; Chennaoui, M.; Jones, A. C.; 

Sánchez-Martín, R. M.PH Sensing in Living Cells Using Fluorescent 

Microspheres. Bioorg. Med. Chem. Lett. 2008, 18 (1), 313–317. 

[22] Pappo, J.; Ermak, T. H.; Steger, H. J.Monoclonal Antibody-Directed 

Targeting of Fluorescent Polystyrene Microspheres to Peyer’s Patch M 

Cells. Immunology 1991, 73 (3), 277–280. 

[23] Thein, E.; Raab, S.; Harris, A. G.; Messmer, K.Automation of the Use of 

Fluorescent Microspheres for the Determination of Blood Flow. Comput. 

Methods Programs Biomed. 2000, 61 (1), 11–21. 

[24] Solomon, E. B.; Matthews, K. R.Use of Fluorescent Microspheres as a 



131 

 

Tool to Investigate Bacterial Interactions with Growing Plants. J Food Prot 

2005, 68 (4), 870–873. 

[25] Katz, L. C.; Burkhalter, A.; Dreyer, W. J.Fluorescent Latex Microspheres 

as a Retrograde Neuronal Marker for in Vivo and in Vitro Studies of Visual 

Cortex. Nature 1984, 310 (5977), 498–500. 

[26] Li, M.; Zhang, H.; Zhang, J.; Wang, C.; Han, K.; Yang, B.Easy Preparation 

and Characterization of Highly Fluorescent Polymer Composite 

Microspheres from Aqueous CdTe Nanocrystals. J. Colloid Interface Sci. 

2006, 300 (2), 564–568. 

[27] Bright, F.V.Bioanalytical Applications of Fluorescence Spectroscopy. Anal. 

Chem. 1988, 60 (18), 1031A–1039A. 

[28] Stokes, G. G.On the Change of Refrangibility of Light. Philos. Trans. R. 

Soc. London 1852, 142 (0), 463–562. 

[29] Valeur, B.; Berberan-Santos, M. N.A Brief History of Fluorescence and 

Phosphorescence before the Emergence of Quantum Theory. Journal of 

Chemical Education. American Chemical Society and Division of 

Chemical Education, Inc. June 2011, pp 731–738. 

[30] Czarnik, W.Chemical Communication in Water Using Fluorescent 

Chemosensors. Acc. Chem. Res. 1994, 27, 302–308. 

[31] Udenfriend, S.Development of the Spectrophotofluorometer and Its 

Commercialization. Protein Sci. 2008, 4 (3), 542–551. 

[32] Drexhage, K. H.Structure and Properties of Laser Dyes. Dye Lasers 1973, 

pp 144-193. 

[33] Wolfbeis, O. S.An Overview of Nanoparticles Commonly Used in 

Fluorescent Bioimaging. Chem. Soc. Rev. 2015, 44 (14), 4743–4768. 

[34] Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E.; Geerligs, L. 

J.; Dekker, C.Individual Single-Wall Carbon Nanotubes as Quantum Wires. 

Nature 1997, 386 (6624), 474–477. 

[35] Wong, E. W.; Sheehan, P. E.; Lieber, C. M.Nanobeam Mechanics: 

Elasticity, Strength, and Toughness of Nanorods and Nanotubes. Science 

(80-. ). 1997, 277 (5334), 1971–1975. 

[36] Yakobson, B. I.; Smalley, R. E.Fullerene Nanotubes: C          

1,000,000          and Beyond: Some Unusual New Molecules—long, 



132 

 

Hollow Fibers with Tantalizing Electronic and Mechanical Properties—

have Joined Diamonds and Graphite in the Carbon Family. American 

Scientist. Sigma Xi, The Scientific Research Honor Society pp 324–337. 

[37] Treacy, M. M. J.; Ebbesen, T. W.; Gibson, J. M.Exceptionally High 

Young’s Modulus Observed for Individual Carbon Nanotubes. Nature 

1996, 381 (6584), 678–680. 

[38] Saito, S.Carbon Nanotubes for Next-Generation Electronics Devices. 

Science (80-. ). 1997, 278 (5335), 77–78. 

[39] Thess, A.; Lee, R.; Nikolaev, P.; Dai, H.; Petit, P.; Robert, J.; Xu, C.; Lee, 

Y. H.; Kim, S. G.; Rinzler, A. G.Crystalline Ropes of Metallic Carbon 

Nanotubes. Science (80-. ). 1996, 273 (5274), 483–487. 

[40] Journet, C.; Maser, W. K.; Bernier, P.; Loiseau, A.; dela Chapelle, M. L.; 

Lefrant, S.; Deniard, P.; Lee, R.; Fischer, J. E.Large-Scale Production of 

Single-Walled Carbon Nanotubes by the Electric-Arc Technique. Nature 

1997, 388 (6644), 756–758. 

[41] Chen, Y.; Chen, J.; Hu, H.; Hamon, M. .; Itkis, M. .; Haddon, R. .Solution-

Phase EPR Studies of Single-Walled Carbon Nanotubes. Chem. Phys. Lett. 

1999, 299 (6), 532–535. 

[42] Sun, Y.; Wilson, S. R.; Schuster, D. I.High Dissolution and Strong Light 

Emission of Carbon Nanotubes in Aromatic Amine Solvents [1]. J. Am. 

Chem. Soc. 2001, 123 (22), 5348–5349. 

[43] Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. C.; 

Haddon, R. C.Solution Properties of Single-Walled Carbon Nanotubes. 

Science (80-. ). 1998, 282 (October), 95–98. 

[44] Mickelson, E. T.; Huffman, C. B.; Rinzler, A. G.; Smalley, R. E.; Hauge, 

R. H.; Margrave, J. L.Fluorination of Single-Wall Carbon Nanotubes. 

Chem. Phys. Lett. 1998, 296 (1–2), 188–194. 

[45] Boul, P. J.; Liu, J.; Mickelson, E. T.; Huffman, C. B.; Ericson, L. M.; 

Chiang, I. W.; Smith, K. A.; Colbert, D. T.; Hauge, R. H.; Margrave, J. L.; 

et al.Reversible Sidewall Functionalization of Buckytubes. Chem. Phys. 

Lett. 1999, 310 (3–4), 367–372. 

[46] Tang, B. Z.; Xu, H.Preparation, Alignment, and Optical Properties of 

Soluble Poly(Phenylacetylene)-Wrapped Carbon Nanotubes †. 



133 

 

Macromolecules 1999, 32 (8), 2569–2576. 

[47] Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Kelley Bradley, R.; Boul, P. 

J.; Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; et al.Fullerene Pipes. 

Science (80-. ). 1998, 280 (5367), 1253–1256. 

[48] Mickelson, E. T.; Chiang, I. W.; Zimmerman, J. L.; Boul, P. J.; Lozano, J.; 

Liu, J.; Smalley, R. E.; Hauge, R. H.; Margrave, J. L.Solvation of 

Fluorinated Single-Wall Carbon Nanotubes in Alcohol Solvents. J. Phys. 

Chem. B 1999, 103 (21), 4318–4322. 

[49] Connell, M. J. O.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, 

M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell, C.; et 

al.Band Gap Fluorescence from Individual Single-Walled Carbon 

Nanotubes. Science (80-. ). 2002, 297 (5581), 593–596. 

[50] Tsyboulski, D. A.; Rocha, J. D. R.; Bachilo, S. M.; Cognet, L.; Weisman, 

R. B.Structure-Dependent Fluorescence Efficiencies of Individual Single-

Walled Carbon Nanotubes. Nano Lett. 2007, 7 (10), 3080–3085. 

[51] Kam, N. W. S.; Dai, H.Carbon Nanotubes as Intracellular Protein 

Transporters: Generality and Biological Functionality. J. Am. Chem. Soc. 

2005, 127 (16), 6021–6026. 

[52] Shim, M.; Kam, N. W. S.; Chen, R. J.; Li, Y.; Dai, H.Functionalization of 

Carbon Nanotubes for Biocompatibility and Biomolecular Recognition. 

Nano Lett. 2002, 2 (4), 285–288. 

[53] Chen, R. J.; Bangsaruntip, S.; Drouvalakis, K. A.; Kam, N. W. S.; Shim, 

M.; Li, Y.; Kim, W.; Utz, P. J.; Dai, H.Noncovalent Functionalization of 

Carbon Nanotubes for Highly Specific Electronic Biosensors. Proc. Natl. 

Acad. Sci. 2003, 100 (9), 4984–4989. 

[54] Field, J. E.The Properties of Diamond; Academic Press, 1979. 

[55] Pankove, J. I.; Qui, C.Synthetic Diamond: Engineering CVD Science and 

Technology, KE Spear and JP Dismukes, Eds. Wiley, New York 1994. 

[56] Loubser, J. H. N.; vanWyk, J.; Wyk, J. A.van.Electron Spin Resonance in 

the Study of Diamond. Reports Prog. Phys. 1978, 41 (8), 1201. 

[57] Davies, G.; Hamer, M. F.Optical Studies of the 1.945 EV Vibronic Band 

in Diamond. Proc. R. Soc. A Math. Phys. Eng. Sci. 1976, 348 (1653), 285–

298. 



134 

 

[58] Collins, A. T.; Thomaz, M. F.; Jorge, M. I. B.Luminescence Decay Time 

of the 1.945 EV Centre in Type Ib Diamond. J. Phys. C Solid State Phys. 

1983, 16 (11), 2177–2181. 

[59] Jelezko, F.; Tietz, C.; Gruber, A.; Popa, I.; Nizovtsev, A.; Kilin, S.; 

Wrachtrup, J.Spectroscopy of Single N-V Centers in Diamond. Single Mol. 

2001, 2 (4), 255–260. 

[60] Yu, S. J.; Kang, M. W.; Chang, H. C.; Chen, K. M.; Yu, Y. C.Bright 

Fluorescent Nanodiamonds: No Photobleaching and Low Cytotoxicity. J. 

Am. Chem. Soc. 2005, 127 (50), 17604–17605. 

[61] Fu, C.-C.; Lee, H.-Y.; Chen, K.; Lim, T.-S.; Wu, H.-Y.; Lin, P.-K.; Wei, P.-

K.; Tsao, P.-H.; Chang, H.-C.; Fann, W.Characterization and Application 

of Single Fluorescent Nanodiamonds as Cellular Biomarkers. Proc. Natl. 

Acad. Sci. 2007, 104 (3), 727–732. 

[62] Hu, S.-L.; Niu, K.-Y.; Sun, J.; Yang, J.; Zhao, N.-Q.; Du, X.-W.One-Step 

Synthesis of Fluorescent Carbon Nanoparticles by Laser Irradiation. J. 

Mater. Chem. 2009, 19 (4), 484–488. 

[63] Xu, X.; Ray, R.; Gu, Y.; Ploehn, H. J.; Gearheart, L.; Raker, K.; Scrivens, 

W. A.Electrophoretic Analysis and Purification of Fluorescent Single-

Walled Carbon Nanotube Fragments. J. Am. Chem. Soc. 2004, 126 (40), 

12736–12737. 

[64] Sun, Y. P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S.; Pathak, P.; 

Meziani, M. J.; Harruff, B. A.; Wang, X.; Wang, H.; et al.Quantum-Sized 

Carbon Dots for Bright and Colorful Photoluminescence. J. Am. Chem. 

Soc. 2006, 128 (24), 7756–7757. 

[65] Sun, X.; Liu, Z.; Welsher, K.; Robinson, J. T.; Goodwin, A.; Zaric, S.; Dai, 

H.Nano-Graphene Oxide for Cellular Imaging and Drug Delivery. Nano 

Res. 2008, 1 (3), 203–212. 

[66] Shoujun Zhu, Qingnan Meng, Lei Wang, Junhu Zhang, Yubin Song, Han 

Jin, Kai Zhang, Hongchen Sun, Haiyu Wang, B. Y.; Li, Z.; Sun, Y.; Geng, 

X.; Hu, Y.; Meng, H.; Ge, J.; Qu, L.; Wu, Z. L.; Liu, Z. X.; et al.Highly 

Photoluminescent Carbon Dots for Multicolor Patterning, Sensors, and 

Bioimaging. Angew. Chemie - Int. Ed. 2013, No. 52, 3953–3957. 

[67] Qu, D.; Zheng, M.; Zhang, L.; Zhao, H.; Xie, Z.; Jing, X.; Haddad, R. E.; 



135 

 

Fan, H.; Sun, Z.Formation Mechanism and Optimization of Highly 

Luminescent N-Doped Graphene Quantum Dots. Sci. Rep. 2014, 4. 

[68] Zhou, J.; Booker, C.; Li, R.; Zhou, X.; Sham, T. K.; Sun, X.; Ding, Z.An 

Electrochemical Avenue to Blue Luminescent Nanocrystals from 

Multiwalled Carbon Nanotubes (MWCNTs). J. Am. Chem. Soc. 2007, 129 

(4), 744–745. 

[69] Zhao, Q.-L.; Zhang, Z.-L.; Huang, B.-H.; Peng, J.; Zhang, M.; Pang, D.-

W.Facile Preparation of Low Cytotoxicity Fluorescent Carbon 

Nanocrystals by Electrooxidation of Graphite. Chem. Commun. 2008, No. 

41, 5116. 

[70] Li, H.; He, X.; Kang, Z.; Huang, H.; Liu, Y.; Liu, J.; Lian, S.; Tsang, C. H. 

A.; Yang, X.; Lee, S. T.Water-Soluble Fluorescent Carbon Quantum Dots 

and Photocatalyst Design. Angew. Chemie - Int. Ed. 2010, 49 (26), 4430–

4434. 

[71] Zhang, R. Q.; Bertran, E.; Lee, S.-T.Size Dependence of Energy Gaps in 

Small Carbon Clusters: The Origin of Broadband Luminescence. Diam. 

Relat. Mater. 1998, 7 (11–12), 1663–1668. 

[72] Bao, L.; Zhang, Z. L.; Tian, Z. Q.; Zhang, L.; Liu, C.; Lin, Y.; Qi, B.; Pang, 

D. W.Electrochemical Tuning of Luminescent Carbon Nanodots: From 

Preparation to Luminescence Mechanism. Adv. Mater. 2011, 23 (48), 

5801–5806. 

[73] Hu, S.-L.; Niu, K.-Y.; Sun, J.; Yang, J.; Zhao, N.-Q.; Du, X.-W.One-Step 

Synthesis of Fluorescent Carbon Nanoparticles by Laser Irradiation. J. 

Mater. Chem. 2009, 19 (4), 484–488. 

[74] Liu, H.; Ye, T.; Mao, C.; Kusters, J.; Zurwerra, D.Fluorescent Carbon 

Nanoparticles Derived from Candle Soot. Angew. Chemie - Int. Ed. 2007, 

46 (34), 6473–6475. 

[75] Ray, S. C.; Saha, A.; Jana, N. R.; Sarkar, R.Fluorescent Carbon 

Nanoparticles : Synthesis , Characterization , and Bioimaging Application. 

j.phys.chem.c 2009, 113, 18546–18551. 

[76] Hummers, W. S.; Offeman, R. E.Preparation of Graphitic Oxide. Trans. 

Amer. Electrochem. Soc 1859, 149 (63), 249–129. 

[77] Sun, X.; Liu, Z.; Welsher, K.; Robinson, J. T.; Goodwin, A.; Zaric, S.; Dai, 



136 

 

H.Nano-Graphene Oxide for Cellular Imaging and Drug Delivery. Nano 

Res 2008, 1 (3), 203–212. 

[78] Pan, D.; Zhang, J.; Li, Z.; Wu, M.Hydrothermal Route for Cutting 

Graphene Sheets into Blue-Luminescent Graphene Quantum Dots. Adv. 

Mater. 2010, 22 (6), 734–738. 

[79] Radovic, L. R.; Bockrath, B.On the Chemical Nature of Graphene Edges: 

Origin of Stability and Potential for Magnetism in Carbon Materials. J. Am. 

Chem. Soc. 2005, 127 (16), 5917–5927. 

[80] Shen, J. J.-H. J.; Zhu, Y. Y.-H.; Chen, C.; Yang, X. X.-L. X.; Li, C. C.-

Z.Facile Preparation and Upconversion Luminescence of Graphene 

Quantum Dots. Chem. Commun. 2011, 47 (9), 2580–2582. 

[81] Zhu, S.; Zhang, J.; Qiao, C.; Tang, S.; Li, Y.; Yuan, W.; Li, B.; Tian, L.; 

Liu, F.; Hu, R.; et al.Strongly Green-Photoluminescent Graphene Quantum 

Dots for Bioimaging Applications. Chem. Commun. 2011, 47 (24), 6858. 

[82] Zhang, J.; Ma, Y.; Li, N.; Zhu, J.; Zhang, T.; Zhang, W.; Liu, B.Preparation 

of Graphene Quantum Dots and Their Application in Cell Imaging. 2016, 

2016. 

[83] Wang, D.; Wang, L.; Dong, X.; Shi, Z.; Jin, J.Chemically Tailoring 

Graphene Oxides into Fluorescent Nanosheets for Fe 3+ Ion Detection. 

Carbon N. Y. 2012, 50 (6), 2147–2154. 

[84] Dong, Y.; Chen, C.; Zheng, X.; Gao, L.; Cui, Z.; Yang, H.; Guo, C.; Chi, 

Y.; Li, C. M.One-Step and High Yield Simultaneous Preparation of Single- 

and Multi-Layer Graphene Quantum Dots from CX-72 Carbon Black. J. 

Mater. Chem. 2012, 22 (18), 8764–8766. 

[85] Peng, J.; Gao, W.; Kumar Gupta, B.; Liu, Z.; Romero-Aburto, R.; Ge, L.; 

Song, L.; Alemany, L. B.; Zhan, X.; Gao, G.; et al.Graphene Quantum Dots 

Derived from Carbon Fibers. Nano Lett. 2012, 12 (2), 844–849. 

[86] Melnikov, D.V; Chelikowsky, J. R.Quantum Confinement in Phosphorus-

Doped Silicon Nanocrystals. Phys. Rev. Lett. 2004, 92 (4), 46802. 

[87] Ye, R.; Xiang, C.; Lin, J.; Peng, Z.; Huang, K.; Yan, Z.; Cook, N. P.; 

Samuel, E. L. G.; Hwang, C. C.; Ruan, G.; et al.Coal as an Abundant 

Source of Graphene Quantum Dots. Nat. Commun. 2013, 4. 

[88] Li, L.; Wu, G.; Yang, G.; Peng, J.; Zhao, J.; Zhu, J.-J.Focusing on 



137 

 

Luminescent Graphene Quantum Dots: Current Status and Future 

Perspectives. Nanoscale 2013, 5 (10), 4015–4039. 

[89] Bourlinos, A. B.; Stassinopoulos, A.; Anglos, D.; Zboril, R.; Georgakilas, 

V.; Giannelis, E. P.Photoluminescent Carbogenic Dots. Chem. Mater. 2008, 

20 (14), 4539–4541. 

[90] Pan, D.; Zhang, J.; Li, Z.; Wu, C.; Yan, X.; Wu, M.Observation of PH-, 

Solvent-, Spin-, and Excitation-Dependent Blue Photoluminescence from 

Carbon Nanoparticles. Chem. Commun. 2010, 46 (21), 3681–3683. 

[91] Liu, R.; Wu, D.; Feng, X.; Müllen, K.Bottom-up Fabrication of 

Photoluminescent Graphene Quantum Dots with Uniform Morphology. J. 

Am. Chem. Soc. 2011, 133 (39), 15221–15223. 

[92] Wu, J.; Pisula, W.; Müllen, K.Graphenes as Potential Material for 

Electronics. Chem. Rev. 2007, 107 (3), 718–747. 

[93] Dong, Y.; Shao, J.; Chen, C.; Li, H.; Wang, R.; Chi, Y.; Lin, X.; Chen, 

G.Blue Luminescent Graphene Quantum Dots and Graphene Oxide 

Prepared by Tuning the Carbonization Degree of Citric Acid. Carbon N. Y. 

2012, 50 (12), 4738–4743. 

[94] Wu, X.; Tian, F.; Wang, W.; Chen, J.; Wu, M.; Zhao, J. X.Fabrication of 

Highly Fluorescent Graphene Quantum Dots Using L-Glutamic Acid for 

in Vitro/in Vivo Imaging and Sensing. J. Mater. Chem. C. Mater. Opt. 

Electron. Devices 2013, 1 (31), 4676–4684. 

[95] Peng, H.; Travas-Sejdic, J.Simple Aqueous Solution Route to Luminescent 

Carbogenic Dots from Carbohydrates. Chem. Mater. 2009, 21 (23), 5563–

5565. 

[96] Wang, L.; Wang, Y.; Xu, T.; Liao, H.; Yao, C.; Liu, Y.; Li, Z.; Chen, Z.; 

Pan, D.; Sun, L.; et al.Gram-Scale Synthesis of Single-Crystalline 

Graphene Quantum Dots with Superior Optical Properties. Nat. Commun. 

2014, 5. 

[97] Jiang, K.; Sun, S.; Zhang, L.; Lu, Y.; Wu, A.; Cai, C.; Lin, H.Red, Green, 

and Blue Luminescence by Carbon Dots: Full-Color Emission Tuning and 

Multicolor Cellular Imaging. Angew. Chemie - Int. Ed. 2015, 54 (18), 

5360–5363. 

[98] Zhu, H.; Wang, X.; Li, Y.; Wang, Z.; Yang, F.; Yang, X.Microwave 



138 

 

Synthesis of Fluorescent Carbon Nanoparticles with 

Electrochemiluminescence Properties. Chem. Commun. 2009, No. 34, 

5118. 

[99] Wang, X.; Qu, K.; Xu, B.; Ren, J.; Qu, X.Microwave Assisted One-Step 

Green Synthesis of Cell-Permeable Multicolor Photoluminescent Carbon 

Dots without Surface Passivation Reagents. J. Mater. Chem. 2011, 21 (8), 

2445. 

[100] Titirici, M.-M.; Thomas, A.; Antonietti, M.Back in the Black: 

Hydrothermal Carbonization of Plant Material as an Efficient Chemical 

Process to Treat the CO 2 Problem? New J. Chem. 2007, 31 (6), 787–789. 

[101] Yu, S.-H.; Cui, X.; Li, L. L.; Li, K.; Yu, B.; Antonietti, M.; Cölfen, H.From 

Starch to Metal/Carbon Hybrid Nanostructures: Hydrothermal Metal ‐

catalyzed Carbonization. Adv. Mater. 2004, 16 (18), 1636–1640. 

[102] Tang, L.; Ji, R.; Cao, X.; Lin, J.; Jiang, H.; Li, X.; Teng, K. S.; Luk, C. M.; 

Zeng, S.; Hao, J.; et al.Deep Ultraviolet Photoluminescence Graphene 

Quantum Dots. ACS Nano 2012, 6 (6), 5102–5110. 

[103] Wang, X.; Qu, K.; Xu, B.; Ren, J.; Qu, X.Multicolor Luminescent Carbon 

Nanoparticles: Synthesis, Supramolecular Assembly with Porphyrin, 

Intrinsic Peroxidase-like Catalytic Activity and Applications. Nano Res. 

2011, 4 (9), 908–920. 

[104] Lu, J.; Yang, J.; Wang, J.; Lim, A.; Wang, S.; Loh, K. P.One-Pot Synthesis 

of Fluorescent Carbon Graphene by the Exfoliation of Graphite in Ionic 

Liquids. ACS Nano 2009, 3 (8), 2367–2375. 

[105] Ni, Z. H.; Yu, T.; Luo, Z. Q.; Wang, Y. Y.; Liu, L.; Wong, C. P.; Miao, J.; 

Huang, W.; Shen, Z. X.Probing Charged Impurities in Suspended 

Graphene Using Raman Spectroscopy. ACS Nano 2009, 3 (3), 569–574. 

[106] Gupta, A. K.; Russin, T. J.; Gutiérrez, H. R.; Eklund, P. C.Probing 

Graphene Edges via Raman Scattering. ACS Nano 2008, 3 (1), 45–52. 

[107] Zheng, X. T.; Ananthanarayanan, A.; Luo, K. Q.; Chen, P.Glowing 

Graphene Quantum Dots and Carbon Dots: Properties, Syntheses, and 

Biological Applications. Small 2015, 11 (14), 1620–1636. 

[108] Li, L. L.; Ji, J.; Fei, R.; Wang, C. Z.; Lu, Q.; Zhang, J. R.; Jiang, L. P.; Zhu, 

J. J.A Facile Microwave Avenue to Electrochemiluminescent Two-Color 



139 

 

Graphene Quantum Dots. Adv. Funct. Mater. 2012, 22 (14), 2971–2979. 

[109] Peng, J.; Gao, W.; Gupta, B. K.; Liu, Z.; Romero-Aburto, R.; Ge, L.; Song, 

L.; Alemany, L. B.; Zhan, X.; Gao, G.; et al.Graphene Quantum Dots 

Derived from Carbon Fibers. Nano Lett. 2012, 12 (2), 844–849. 

[110] Robertson, J.; O’reilly, E. P.Electronic and Atomic Structure of 

Amorphous Carbon. Phys. Rev. B 1987, 35 (6), 2946. 

[111] Eda, G.; Lin, Y. Y.; Mattevi, C.; Yamaguchi, H.; Chen, H. A.; Chen, I. S.; 

Chen, C. W.; Chhowalla, M.Blue Photoluminescence from Chemically 

Derived Graphene Oxide. Adv. Mater. 2010, 22 (4), 505–509. 

[112] Kim, S.; Hwang, S. W.; Kim, M. K.; Shin, D. H. Y. H.; Shin, D. H. Y. H.; 

Kim, C. O.; Yang, S. B.; Park, J. H.; Hwang, E.; Choi, S.-H. H.; et 

al.Anomalous Behaviors of Visible Luminescence from Graphene 

Quantum Dots: Interplay between Size and Shape. ACS Nano 2012, 6 (9), 

8203–8208. 

[113] Bourissou, D.; Guerret, O.; Gabbai, F. P.; Bertrand, G.Stable Carbenes. 

Chem. Rev. 2000, 100 (1), 39–92. 

[114] Hoffmann, R.Trimethylene and the Addition of Methylene to Ethylene. J. 

Am. Chem. Soc. 1968, 90 (6), 1475–1485. 

[115] Mei, Q.; Zhang, K.; Guan, G.; Liu, B.; Wang, S.; Zhang, Z.Highly Efficient 

Photoluminescent Graphene Oxide with Tunable Surface Properties. Chem. 

Commun. 2010, 46 (39), 7319–7321. 

[116] Zhu, S.; Zhang, J.; Tang, S.; Qiao, C.; Wang, L.; Wang, H.; Liu, X.; Li, B.; 

Li, Y.; Yu, W.; et al.Surface Chemistry Routes to Modulate the 

Photoluminescence of Graphene Quantum Dots: From Fluorescence 

Mechanism to up-Conversion Bioimaging Applications. Adv. Funct. Mater. 

2012, 22 (22), 4732–4740. 

[117] Wu, C.; Wang, C.; Han, T.; Zhou, X.; Guo, S.; Zhang, J.Insight into the 

Cellular Internalization and Cytotoxicity of Graphene Quantum Dots. Adv. 

Healthc. Mater. 2013, 2 (12), 1613–1619. 

[118] Jiang, D.; Chen, Y.; Li, N.; Li, W.; Wang, Z.; Zhu, J.; Zhang, H.; Liu, B.; 

Xu, S.Synthesis of Luminescent Graphene Quantum Dots with High 

Quantum Yield and Their Toxicity Study. PLoS One 2015, 10 (12). 

[119] Nurunnabi, M.; Khatun, Z.; Huh, K. M.; Park, S. Y.; Lee, D. Y.; Cho, K. J.; 



140 

 

Lee, Y. K.In Vivo Biodistribution and Toxicology of Carboxylated 

Graphene Quantum Dots. ACS Nano 2013, 7 (8), 6858–6867. 

[120] Chong, Y.; Ma, Y.; Shen, H.; Tu, X.; Zhou, X.; Xu, J.; Dai, J.; Fan, S.; 

Zhang, Z.The in Vitro and in Vivo Toxicity of Graphene Quantum Dots. 

Biomaterials 2014, 35 (19), 5041–5048. 

[121] Wang, Z. G.; Zhou, R.; Jiang, D.; Song, J. E.; Xu, Q.; Si, J.; Chen, Y. P.; 

Zhou, X.; Gan, L.; Li, J. Z.; et al.Toxicity of Graphene Quantum Dots in 

Zebrafish Embryo. Biomed. Environ. Sci. 2015, 28 (5), 341–351. 

[122] Seymour, L. W.Passive Tumor Targeting of Soluble Macromolecules and 

Drug Conjugates. Crit. Rev. Ther. Drug Carrier Syst. 1992, 9 (2), 135—

187. 

[123] Huang, H.; Liao, L.; Xu, X.; Zou, M.; Liu, F.; Li, N.The Electron-Transfer 

Based Interaction between Transition Metal Ions and Photoluminescent 

Graphene Quantum Dots (GQDs): A Platform for Metal Ion Sensing. 

Talanta 2013, 117, 152–157. 

[124] Dutta Chowdhury, A.; Doong, R.-A.Highly Sensitive and Selective 

Detection of Nanomolar Ferric Ions Using Dopamine Functionalized 

Graphene Quantum Dots. ACS Appl. Mater. Interfaces 2016, 8 (32), 

21002–21010. 

[125] Li, S.; Li, Y.; Cao, J.; Zhu, J.; Fan, L.; Li, X.Sulfur-Doped Graphene 

Quantum Dots as a Novel Fluorescent Probe for Highly Selective and 

Sensitive Detection of Fe3+. Anal. Chem. 2014, 86 (20), 10201–10207. 

[126] Zhang, W.; Gan, J.Synthesis of Blue-Photoluminescent Graphene 

Quantum Dots/Polystyrenic Anion-Exchange Resin for Fe(III) Detection. 

Appl. Surf. Sci. 2016, 372, 145–151. 

[127] Xu, F.; Shi, H.; He, X.; Wang, K.; He, D.; Yan, L.; Ye, X.; Tang, J.; 

Shangguan, J.; Luo, L.Masking Agent-Free and Channel-Switch-Mode 

Simultaneous Sensing of Fe3+and Hg2+using Dual-Excitation Graphene 

Quantum Dots. Analyst 2015, 140 (12), 3925–3928. 

[128] Ju, J.; Chen, W.Synthesis of Highly Fluorescent Nitrogen-Doped 

Graphene Quantum Dots for Sensitive, Label-Free Detection of Fe (III) in 

Aqueous Media. Biosens. Bioelectron. 2014, 58, 219–225. 

[129] Zhang, H.; Chen, Y.; Liang, M.; Xu, L.; Qi, S.; Chen, H.; Chen, X.Solid-



141 

 

Phase Synthesis of Highly Fluorescent Nitrogen-Doped Carbon Dots for 

Sensitive and Selective Probing Ferric Ions in Living Cells. Anal. Chem. 

2014, 86 (19), 9846–9852. 

[130] Fang, B. Y.; Li, C.; Song, Y. Y.; Tan, F.; Cao, Y. C.; Zhao, Y.Di.Nitrogen-

Doped Graphene Quantum Dot for Direct Fluorescence Detection of 

Al3+in Aqueous Media and Living Cells. Biosens. Bioelectron. 2018, 100, 

41–48. 

[131] Amjadi, M.; Shokri, R.; Hallaj, T.A New Turn-off Fluorescence Probe 

Based on Graphene Quantum Dots for Detection of Au(III) Ion. 

Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 2016, 153, 619–624. 

[132] Bian, S.; Shen, C.; Hua, H.; Zhou, L.; Zhu, H.; Xi, F.; Liu, J.; Dong, X.One-

Pot Synthesis of Sulfur-Doped Graphene Quantum Dots as a Novel 

Fluorescent Probe for Highly Selective and Sensitive Detection of 

Lead( <scp>ii</Scp> ). RSC Adv. 2016, 6 (74), 69977–69983. 

[133] Qi, Y.-X.; Zhang, M.; Fu, Q.-Q.; Liu, R.; Shi, G.-Y.Highly Sensitive and 

Selective Fluorescent Detection of Cerebral Lead(II) Based on Graphene 

Quantum Dot Conjugates. Chem. Commun 2013, 49. 

[134] Brown, A. K.; Li, J.; Pavot, C. M. B.; Lu, Y.A Lead-Dependent DNAzyme 

with a Two-Step Mechanism. Biochemistry 2003, 42 (23), 7152–7161. 

[135] Niu, X.; Zhong, Y.; Chen, R.; Wang, F.; Liu, Y.; Luo, D.A “Turn-on” 

Fluorescence Sensor for Pb2+detection Based on Graphene Quantum Dots 

and Gold Nanoparticles. Sensors Actuators, B Chem. 2018, 255, 1577–

1581. 

[136] Yu, D.; Zhang, X.; Qi, Y.; Ding, S.; Cao, S.; Zhu, A.; Shi, G.Pb2+-Modified 

Graphene Quantum Dots as a Fluorescent Probe for Biological 

Aminothiols Mediated by an Inner Filter Effect. Sensors Actuators, B 

Chem. 2016, 235, 394–400. 

[137] Li, Z.; Wang, Y.; Ni, Y.; Kokot, S.A Rapid and Label-Free Dual Detection 

of Hg (II) and Cysteine with the Use of Fluorescence Switching of 

Graphene Quantum Dots. Sensors Actuators, B Chem. 2015, 207 (PartA), 

490–497. 

[138] Yan, Z.; Qu, X.; Niu, Q.; Tian, C.; Fan, C.; Ye, B.A Green Synthesis of 

Highly Fluorescent Nitrogen-Doped Graphene Quantum Dots for the 



142 

 

Highly Sensitive and Selective Detection of Mercury(II) Ions and 

Biothiols †. Anal. methods 2016. 

[139] Dong, Y.; Li, G.; Zhou, N.; Wang, R.; Chi, Y.; Chen, G.Graphene Quantum 

Dot as a Green and Facile Sensor for Free Chlorine in Drinking Water. 

Anal. Chem. 2012, 84 (19), 8378–8382. 

[140] Fan, L.; Hu, Y.; Wang, X.; Zhang, L.; Li, F.; Han, D.; Li, Z.; Zhang, Q.; 

Wang, Z.; Niu, L.Fluorescence Resonance Energy Transfer Quenching at 

the Surface of Graphene Quantum Dots for Ultrasensitive Detection of 

TNT. Talanta 2012, 101, 192–197. 

[141] Zor, E.; Morales-Narváez, E.; Zamora-Gálvez, A.; Bingol, H.; Ersoz, M.; 

Merkoçi, A.Graphene Quantum Dots-Based Photoluminescent Sensor: A 

Multifunctional Composite for Pesticide Detection. ACS Appl. Mater. 

Interfaces 2015, 7 (36), 20272–20279. 

[142] Zhou, X.; Ma, P.; Wang, A.; Yu, C.; Qian, T.; Wu, S.; Shen, J.Dopamine 

Fluorescent Sensors Based on Polypyrrole/Graphene Quantum Dots 

Core/Shell Hybrids. Biosens. Bioelectron. 2014, 64, 404–410. 

[143] Zhang, L.; Zhang, Z. Y.; Liang, R. P.; Li, Y. H.; Qiu, J. D.Boron-Doped 

Graphene Quantum Dots for Selective Glucose Sensing Based on the 

“Abnormal” Aggregation-Induced Photoluminescence Enhancement. 

Anal. Chem. 2014, 86 (9), 4423–4430. 

[144] Qian, Z. S.; Shan, X. Y.; Chai, L. J.; Ma, J. J.; Chen, J. R.; Feng, H.A 

Universal Fluorescence Sensing Strategy Based on Biocompatible 

Graphene Quantum Dots and Graphene Oxide for the Detection of DNA. 

Nanoscale 2014, 6 (11), 5671–5674. 

[145] Qian, Z.; Shan, X.; Chai, L.; Chen, J.; Feng, H.Simultaneous Detection of 

Multiple DNA Targets by Integrating Dual-Color Graphene Quantum Dot 

Nanoprobes and Carbon Nanotubes. Chem. - A Eur. J. 2014, 20 (49), 

16065–16069. 

[146] Sheng Qian, Z.; Yue Shan, X.; Jing Chai, L.; Rong Chen, J.; Feng, H.Dual-

Colored Graphene Quantum Dots-Labeled Nanoprobes/Graphene Oxide: 

Functional Carbon Materials for Respective and Simultaneous Detection 

of DNA and Thrombin. Nanotechnology 2014, 25 (41), 415501. 

[147] Shi, J.; Chan, C.; Pang, Y.; Ye, W.; Tian, F.; Lyu, J.; Zhang, Y.; Yang, M.A 



143 

 

Fluorescence Resonance Energy Transfer (FRET) Biosensor Based on 

Graphene Quantum Dots (GQDs) and Gold Nanoparticles (AuNPs) for the 

Detection of MecA Gene Sequence of Staphylococcus Aureus. Biosens. 

Bioelectron. 2015, 67, 595–600. 

[148] Zhang, H.; Wang, Y.; Zhao, D.; Zeng, D.; Xia, J.; Aldalbahi, A.; Wang, C.; 

San, L.; Fan, C.; Zuo, X.; et al.Universal Fluorescence Biosensor Platform 

Based on Graphene Quantum Dots and Pyrene-Functionalized Molecular 

Beacons for Detection of MicroRNAs. ACS Appl. Mater. Interfaces 2015, 

7 (30), 16152–16156. 

[149] Wang, Y.; Zhang, L.; Liang, R. P.; Bai, J. M.; Qiu, J. D.Using Graphene 

Quantum Dots as Photoluminescent Probes for Protein Kinase Sensing. 

Anal. Chem. 2013, 85 (19), 9148–9155. 

[150] Li, X.; Zhu, S.; Xu, B.; Ma, K.; Zhang, J.; Yang, B.; Tian, W.Self-

Assembled Graphene Quantum Dots Induced by Cytochrome c: A Novel 

Biosensor for Trypsin with Remarkable Fluorescence Enhancement. 

Nanoscale 2013, 5 (17), 7776–7779. 

[151] Poon, C. Y.; Li, Q.; Zhang, J.; Li, Z.; Dong, C.; Lee, A. W. M.; Chan, W. 

H.; Li, H. W.FRET-Based Modified Graphene Quantum Dots for Direct 

Trypsin Quantification in Urine. Anal. Chim. Acta 2016, 917, 64–70. 

[152] Pan, D.; Guo, L.; Zhang, J.; Xi, C.; Xue, Q.; Huang, H.; Li, J.; Zhang, Z.; 

Yu, W.; Chen, Z.; et al.Cutting Sp2clusters in Graphene Sheets into 

Colloidal Graphene Quantum Dots with Strong Green Fluorescence. J. 

Mater. Chem. 2012, 22 (8), 3314–3318. 

[153] Hu, C.; Liu, Y.; Yang, Y.; Cui, J.; Huang, Z.; Wang, Y.; Yang, L.; Wang, H.; 

Xiao, Y.; Rong, J.One-Step Preparation of Nitrogen-Doped Graphene 

Quantum Dots from Oxidized Debris of Graphene Oxide. J. Mater. Chem. 

B 2013, 1 (1), 39–42. 

[154] Cao, L.; Wang, X.; Meziani, M. J.; Lu, F.; Wang, H.; Luo, P. G.; Lin, Y.; 

Harruff, B. A.; Veca, L. M.; Murray, D.; et al.Carbon Dots for Multiphoton 

Bioimaging. J. Am. Chem. Soc. 2007, 129 (37), 11318–11319. 

[155] Sun, H.; Wu, L.; Gao, N.; Ren, J.; Qu, X.Improvement of 

Photoluminescence of Graphene Quantum Dots with a Biocompatible 

Photochemical Reduction Pathway and Its Bioimaging Application. ACS 



144 

 

Appl. Mater. Interfaces 2013, 5 (3), 1174–1179. 

[156] Zhu, S.; Zhang, J.; Qiao, C.; Tang, S.; Li, Y.; Yuan, W.; Li, B.; Tian, L.; 

Liu, F.; Hu, R.; et al.Strongly Green-Photoluminescent Graphene Quantum 

Dots for Bioimaging Applications. Chem. Commun. (Camb). 2011, 47 (24), 

6858–6860. 

[157] Zhang, M.; Bai, L.; Shang, W.; Xie, W.; Ma, H.; Fu, Y.; Fang, D.; Sun, H.; 

Fan, L.; Han, M.; et al.Facile Synthesis of Water-Soluble, Highly 

Fluorescent Graphene Quantum Dots as a Robust Biological Label for 

Stem Cells. J. Mater. Chem. 2012, 22 (15), 7461–7467. 

[158] Plattt, V. M.; Szoka, F. C.Anticancer Therapeutics: Targeting 

Macromolecules and Nanocarriers to Hyaluronan or CD44, a Hyaluronan 

Receptor. In Molecular Pharmaceutics; 2008; Vol. 5, pp 474–486. 

[159] Qhattal, H. S. S.; Liu, X.Characterization of CD44-Mediated Cancer Cell 

Uptake and Intracellular Distribution of Hyaluronan-Grafted Liposomes. 

Mol. Pharm. 2011, 8 (4), 1233–1246. 

[160] Al-Nahain, A.; Lee, J. E.; In, I.; Lee, H.; Lee, K. D.; Jeong, J. H.; Park, S. 

Y.Target Delivery and Cell Imaging Using Hyaluronic Acid-

Functionalized Graphene Quantum Dots. Mol. Pharm. 2013, 10 (10), 

3736–3744. 

[161] Kim, K. S.; Hur, W.; Park, S. J.; Hong, S. W.; Choi, J. E.; Goh, E. J.; Yoon, 

S. K.; Hahn, S. K.Bioimaging for Targeted Delivery of Hyaluronic Acid 

Derivatives to the Livers in Cirrhotic Mice Using Quantum Dots. ACS 

Nano 2010, 4 (6), 3005–3014. 

[162] Yue, T.; Zhang, X.Cooperative Effect in Receptor-Mediated Endocytosis 

of Multiple Nanoparticles. ACS Nano 2012, 6 (4), 3196–3205. 

[163] Wang, X.; Sun, X.; Lao, J.; He, H.; Cheng, T.; Wang, M.; Wang, S.; Huang, 

F.Multifunctional Graphene Quantum Dots for Simultaneous Targeted 

Cellular Imaging and Drug Delivery. Colloids Surfaces B Biointerfaces 

2014, 122, 638–644. 

[164] Ananthanarayanan, A.; Wang, Y.; Routh, P.; Sk, M. A.; Than, A.; Lin, M.; 

Zhang, J.; Chen, J.; Sun, H.; Chen, P.Nitrogen and Phosphorus Co-Doped 

Graphene Quantum Dots: Synthesis from Adenosine Triphosphate, Optical 

Properties, and Cellular Imaging. Nanoscale 2015, 7 (17), 8159–8165. 



145 

 

[165] Zheng, X. T.; Than, A.; Ananthanaraya, A.; Kim, D. H.; Chen, P.Graphene 

Quantum Dots as Universal Fluorophores and Their Use in Revealing 

Regulated Trafficking of Insulin Receptors in Adipocytes. ACS Nano 2013, 

7 (7), 6278–6286. 

[166] Hale, S.; Vivaldi, M.; Kloner, R.Fluorescent Microspheres: A New Tool 

for Visualization of Ischemic Myocardium in Rats. Am. J. Physiol. 1986, 

251 (5), H863–H868. 

[167] Quattrochi, J. J.; Mamelak, A. N.; Madison, R. D.; Macklis, J. D.; Hobson, 

J. A.Mapping Neuronal Inputs to REM Sleep Induction Sites with 

Carbachol-Fluorescent Microspheres. Science (80-. ). 1989, 245 (4921), 

984–986. 

[168] Han, M.; Gao, X.; Su, J. Z.; Nie, S.Quantum-Dot-Tagged Microbeads for 

Multiplexed Optical Coding of Biomolecules. Nat. Biotechnol. 2001, 19 

(7), 631–635. 

[169] Gong, Y.; Gao, M.; Wang, D.; Möhwald, H.Incorporating Fluorescent 

CdTe Nanocrystals into a Hydrogel via Hydrogen Bonding: Toward 

Fluorescent Microspheres with Temperature-Responsive Properties. Chem. 

Mater. 2005, 17 (10), 2648–2653. 

[170] Selvi, B. R.; Jagadeesan, D.; Suma, B. S.; Nagashankar, G.; Arif, M.; 

Balasubramanyam, K.; Eswaramoorthy, M.; Kundu, T. K.Intrinsically 

Fluorescent Carbon Nanospheres as a Nuclear Targeting Vector: Delivery 

of Membrane-Impermeable Molecule to Modulate Gene Expression in 

Vivo. Nano Lett. 2008, 8 (10), 3182–3188. 

[171] Liu, T.; Liu, X.; Yao, Y.; Zhou, J.; Zhu, J.; Sun, G.; He, D.One-Step 

Synthesis of Surface Passivated Carbon Microspheres for Enhanced 

Photoluminescence and Their Application in Multifunctional Magnetic-

Fluorescent Imaging. RSC Adv. 2015, 5 (31), 24049–24055. 

[172] Li, Y.; Zhao, Y.; Cheng, H.; Hu, Y.; Shi, G.; Dai, L.; Qu, L.Nitrogen-Doped 

Graphene Quantum Dots with Oxygen-Rich Functional Groups. J. Am. 

Chem. Soc. 2012, 134 (1), 15–18. 

[173] Tang, L.; Ji, R.; Li, X.; Bai, G.; Liu, C. P.; Hao, J.; Lin, J.; Jiang, H.; Teng, 

K. S.; Yang, Z.; et al.Deep Ultraviolet to Near-Infrared Emission and 

Photoresponse in Layered n-Doped Graphene Quantum Dots. ACS Nano 



146 

 

2014, 8 (6), 6312–6320. 

[174] Lin, L.; Song, X.; Chen, Y.; Rong, M.; Zhao, T.; Jiang, Y.; Wang, Y.; Chen, 

X.One-Pot Synthesis of Highly Greenish-Yellow Fluorescent Nitrogen-

Doped Graphene Quantum Dots for Pyrophosphate Sensing via 

Competitive Coordination with Eu3+ Ions. Nanoscale 2015, 7 (37), 

15427–15433. 

[175] Tam, T.Van; Trung, N. B.; Kim, H. R.; Chung, J. S.; Choi, W. M.One-Pot 

Synthesis of N-Doped Graphene Quantum Dots as a Fluorescent Sensing 

Platform for Fe3+ Ions Detection. Sensors Actuators, B Chem. 2014, 202, 

568–573. 

[176] Bissell, M. J.; Hines, W. C.Why Don’t We Get More Cancer? A Proposed 

Role of the Microenvironment in Restraining Cancer Progression. Nature 

Medicine. 2011, pp 320–329. 

[177] Nagelkerke, A.; Bussink, J.; Rowan, A. E.; Span, P. N.The Mechanical 

Microenvironment in Cancer: How Physics Affects Tumours. Seminars in 

Cancer Biology. 2015, pp 62–70. 

[178] Chaudhuri, O.; Koshy, S. T.; Branco Da Cunha, C.; Shin, J.-W.; Verbeke, 

C. S.; Allison, K. H.; Mooney, D. J.Extracellular Matrix Stiffness and 

Composition Jointly Regulate the Induction of Malignant Phenotypes in 

Mammary Epithelium. 2014. 

[179] Samani, A.; Zubovits, J.; Plewes, D.Elastic Moduli of Normal and 

Pathological Human Breast Tissues: An Inversion-Technique-Based 

Investigation of 169 Samples. Phys. Med. Biol. 2007, 52 (6), 1565–1576. 

[180] Wang, L. H.; Rothberg, K. G.; Anderson, R. G. W.Mis-Assembly of 

Clathrin Lattices on Endosomes Reveals a Regulatory Switch for Coated 

Pit Formation. J. Cell Biol. 1993, 123 (5), 1107–1117. 

[181] Yeung, T.; Georges, P. C.; Flanagan, L. A.; Marg, B.; Ortiz, M.; Funaki, 

M.; Zahir, N.; Ming, W.; Weaver, V.; Janmey, P. A.Effects of Substrate 

Stiffness on Cell Morphology, Cytoskeletal Structure, and Adhesion. Cell 

Motil. Cytoskeleton 2005, 60 (1), 24–34. 

[182] Zaman, M. H.; Trapani, L. M.; Sieminski, A. L.; MacKellar, D.; Gong, H.; 

Kamm, R. D.; Wells, A.; Lauffenburger, D. A.; Matsudaira, P.Migration of 

Tumor Cells in 3D Matrices Is Governed by Matrix Stiffness along with 



147 

 

Cell-Matrix Adhesion and Proteolysis. Proc. Natl. Acad. Sci. 2006, 103 

(29), 10889–10894. 

[183] Lo, C. M.; Wang, H. B.; Dembo, M.; Wang, Y. L.Cell Movement Is Guided 

by the Rigidity of the Substrate. Biophys. J. 2000, 79 (1), 144–152. 

[184] Discher, D. E.Tissue Cells Feel and Respon to the Stiffness of Their 

Substrate. Science (80-. ). 2005, 310 (5751), 1139–1143. 

[185] Tang, X.; Kuhlenschmidt, T. B.; Zhou, J.; Bell, P.; Wang, F.; 

Kuhlenschmidt, M. S.; Saif, T. A.Mechanical Force Affects Expression of 

an in Vitro Metastasis-like Phenotype in HCT-8 Cells. Biophys. J. 2010, 

99 (8), 2460–2469. 

[186] Huynh, J.; Nishimura, N.; Rana, K.; Peloquin, J. M.; Califano, J. P.; 

Montague, C. R.; King, M. R.; Schaffer, C. B.; Reinhart-King, C. A.Age-

Related Intimal Stiffening Enhances Endothelial Permeability and 

Leukocyte Transmigration. Sci. Transl. Med. 2011, 3 (112), 112ra122-

112ra122. 

[187] Huang, C.; Butler, P. J.; Tong, S.; Muddana, H. S.; Bao, G.; Zhang, 

S.Substrate Stiffness Regulates Cellular Uptake of Nanoparticles. Nano 

Lett. 2013, 13 (4), 1611–1615. 

[188] Wang, Y.; Gong, T.; Zhang, Z.-R.; Fu, Y.Matrix Stiffness Differentially 

Regulates Cellular Uptake Behavior of Nanoparticles in Two Breast 

Cancer Cell Lines. ACS Appl. Mater. Interfaces 2017, 9 (31), 25915–25928. 

[189] Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E.Matrix Elasticity 

Directs Stem Cell Lineage Specification. Cell 2006, 126 (4), 677–689. 

[190] Xu, Y.; Benlimame, N.; Su, J.; He, Q.; Alaoui-Jamali, M. A.Regulation of 

Focal Adhesion Turnover by ErbB Signalling in Invasive Breast Cancer 

Cells. Br. J. Cancer 2009, 100 (4), 633–643. 

[191] Tee, S. Y.; Fu, J.; Chen, C. S.; Janmey, P. A.Cell Shape and Substrate 

Rigidity Both Regulate Cell Stiffness. Biophys. J. 2011, 100 (5). 

[192] Pathak, A.; Kumar, S.Independent Regulation of Tumor Cell Migration by 

Matrix Stiffness and Confinement. Proc. Natl. Acad. Sci. 2012, 109 (26), 

10334–10339. 

[193] Mcbeath, R.; Pirone, D. M.; Nelson, C. M.; Bhadriraju, K.; Chen, C. S.Cell 

Shape, Cytoskeletal Tension, and RhoA Regulate Stem Cell Lineage 



148 

 

Commitment Several Studies Have Noted That Changes in Cell Shape 

Themselves Can Alter the Differentiation of Precommitted Mesenchymal 

Lineages. Spiegelman and Ginty (1983). Dev. Cell 2004, 6, 483–495. 

[194] Bhadriraju, K.; Yang, M.; Alom Ruiz, S.; Pirone, D.; Tan, J.; Chen, C. 

S.Activation of ROCK by RhoA Is Regulated by Cell Adhesion, Shape, 

and Cytoskeletal Tension. Exp. Cell Res. 2007, 313 (16), 3616–3623. 

[195] MacKay, J. L.; Keung, A. J.; Kumar, S.A Genetic Strategy for the Dynamic 

and Graded Control of Cell Mechanics, Motility, and Matrix Remodeling. 

Biophys. J. 2012, 102 (3), 434–442. 

[196] Hsu, C. Y. M.; Uludaĝ, H.Cellular Uptake Pathways of Lipid-Modified 

Cationic Polymers in Gene Delivery to Primary Cells. Biomaterials 2012, 

33 (31), 7834–7848. 

[197] Liu, C.; Zhang, P.; Zhai, X.; Tian, F.; Li, W.; Yang, J.; Liu, Y.; Wang, H.; 

Wang, W.; Liu, W.Nano-Carrier for Gene Delivery and Bioimaging Based 

on Carbon Dots with PEI-Passivation Enhanced Fluorescence. 

Biomaterials 2012, 33 (13), 3604–3613. 

[198] Dong, Y.; Wang, R.; Li, H.; Shao, J.; Chi, Y.; Lin, X.; Chen, G.Polyamine-

Functionalized Carbon Quantum Dots for Chemical Sensing. Carbon N. Y. 

2012, 50 (8), 2810–2815. 

[199] Capila, I.; Linhardt, R. J.Heparin-Protein Interactions. Angew. Chemie 

2002, 41, 390–412. 

[200] Patil, S. R.; Mote, U. S.; Patil, S. R.; Kolekar, G. B.Determination of 

Heparin Using Norfloxacin-Cerium Complex as a Fluorescence Probe by 

Spectrofluorimetry. Bull. Korean Chem. Soc. 2009, 30 (12), 3034–3038. 

[201] Jiao, Q. C.; Liu, Q.; Sun, C.; He, H.Investigation on the Binding Site in 

Heparin by Spectrophotometry. Talanta 1999, 48 (5), 1095–1101. 

[202] Wang, R. L.; Yuan, Z. P.Handbook of Chemical Products· Medicament (in 

Chinese). Beijing: Chemical Industry Press 1999. 

[203] Warkentin, T. E.; Levine, M. N.; Hirsh, J.; Horsewood, P.; Roberts, R. S.; 

Gent, M.; Kelton, J. G.Heparin-Induced Thrombocytopenia in Patients 

Treated with Low-Molecular-Weight Heparin or Unfractionated Heparin. 

N. Engl. J. Med. 1995, 332 (20), 1330–1336. 

[204] Raymond, P. D.; Ray, M. J.; Callen, S. N.; Marsh, N. A.Heparin 



149 

 

Monitoring during Cardiac Surgery. Part 1: Validation of Whole-Blood 

Heparin Concentration and Activated Clotting Time. Perfusion 2003, 18 

(5), 269–276. 

[205] Cheng, T. J.; Lin, T. M.; Wu, T. H.; Chang, H. C.Determination of Heparin 

Levels in Blood with Activated Partial Thromboplastin Time by a 

Piezoelectric Quartz Crystal Sensor. Anal. Chim. Acta 2001, 432 (1), 101–

111. 

[206] Bowers, J.; Ferguson, J. J.The Use of Activated Clotting Times to Monitor 

Heparin Therapy during and after Interventional Procedures. Clinical 

Cardiology. Wiley-Blackwell July 1994, pp 357–361. 

[207] Levine, M. N.; Hirsh, J.; Gent, M.; Turpie, A. G.; Cruickshank, M.; Weitz, 

J.; Anderson, D.; Johnson, M.A Randomized Trial Comparing Activated 

Thromboplastin Time with Heparin Assay in Patients with Acute Venous 

Thromboembolism Requiring Large Daily Doses of Heparin. Arch. Intern. 

Med. 1994, 154 (1), 49–56. 

[208] Mathison, S.; Bakker, E.Renewable PH Cross-Sensitive Potentiometric 

Heparin Sensors with Incorporated Electrically Charged H+ Ionophores. 

Anal. Chem. 1999, 71 (20), 4614–4621. 

[209] Langmaier, J.; Samcová, E.; Samec, Z.Potentiometric Sensor for Heparin 

Polyion: Transient Behavior and Response Mechanism. Anal. Chem. 2007, 

79 (7), 2892–2900. 

[210] Lee, H.; In, B.; Mehta, P. K.; Kishore, M. Y. L. N.; Lee, K. H.Dual Role of 

a Fluorescent Peptidyl Probe Based on Self-Assembly for the Detection of 

Heparin and for the Inhibition of the Heparin-Digestive Enzyme Reaction. 

ACS Appl. Mater. Interfaces 2018, 10 (3), 2282–2290. 

[211] Kuo, C. Y.; Tseng, W. L.Adenosine-Based Molecular Beacons as Light-up 

Probes for Sensing Heparin in Plasma. Chem. Commun. 2013, 49 (41), 

4607–4609. 

[212] Cao, Y.; Shi, S.; Wang, L.; Yao, J.; Yao, T.Ultrasensitive Fluorescence 

Detection of Heparin Based on Quantum Dots and a Functional Ruthenium 

Polypyridyl Complex. Biosens. Bioelectron. 2014, 55, 174–179. 

[213] Li, Y.; Sun, H.; Shi, F.; Cai, N.; Lu, L.; Su, X.Multi-Positively Charged 

Dendrimeric Nanoparticles Induced Fluorescence Quenching of Graphene 



150 

 

Quantum Dots for Heparin and Chondroitin Sulfate Detection. Biosens. 

Bioelectron. 2015, 74, 284–290. 

[214] Ma, S. D.; Chen, Y. L.; Feng, J.; Liu, J. J.; Zuo, X. W.; Chen, X. G.One-

Step Synthesis of Water-Dispersible and Biocompatible Silicon 

Nanoparticles for Selective Heparin Sensing and Cell Imaging. Anal. 

Chem. 2016, 88 (21), 10474–10481. 

[215] Dong, S.; Liu, X.; Zhang, Q.; Zhao, W.; Zong, C.; Liang, A.; Gai, 

H.Sensing Active Heparin by Counting Aggregated Quantum Dots at 

Single-Particle Level. ACS Sensors 2017, 2 (1), 80–86. 

[216] Yan, H.; Wang, H. F.Turn-on Room Temperature Phosphorescence Assay 

of Heparin with Tunable Sensitivity and Detection Window Based on 

Target-Induced Self-Assembly of Polyethyleneimine Capped Mn-Doped 

ZnS Quantum Dots. Anal. Chem. 2011, 83 (22), 8589–8595. 

[217] Zhang, Z.; Miao, Y.; Zhang, Q.; Lian, L.; Yan, G.Selective Room 

Temperature Phosphorescence Detection of Heparin Based on Manganese-

Doped Zinc Sulfide Quantum Dots/Polybrene Self-Assembled Nanosensor. 

Biosens. Bioelectron. 2015, 68, 556–562. 

[218] Cao, R.; Li, B.A Simple and Sensitive Method for Visual Detection of 

Heparin Using Positively-Charged Gold Nanoparticles as Colorimetric 

Probes. Chem. Commun. 2011, 47 (10), 2865–2867. 

[219] Fu, X.; Chen, L.; Li, J.Ultrasensitive Colorimetric Detection of Heparin 

Based on Self-Assembly of Gold Nanoparticles on Graphene Oxide. 

Analyst 2012, 137 (16), 3653. 

[220] Fu, X.; Chen, L.; Li, J.; Lin, M.; You, H.; Wang, W.Label-Free 

Colorimetric Sensor for Ultrasensitive Detection of Heparin Based on 

Color Quenching of Gold Nanorods by Graphene Oxide. Biosens. 

Bioelectron. 2012, 34 (1), 227–231. 

[221] Wen, S.; Zheng, F.; Shen, M.; Shi, X.Synthesis of Polyethyleneimine-

Stabilized Gold Nanoparticles for Colorimetric Sensing of Heparin. 

Colloids Surfaces A Physicochem. Eng. Asp. 2013, 419, 80–86. 

[222] Liu, S.; Luo, H.; Li, N.; Liu, Z.; Zheng, W.Resonance Rayleigh Scattering 

Study of the Interaction of Heparin with Some Basic Diphenyl 

Naphthylmethane Dyes. Anal. Chem. 2001, 73, 3907–3914. 



151 

 

[223] Luo, H. Q.; Liu, S. P.; Liu, Z. F.; Liu, Q.; Li, B.Resonance Rayleigh 

Scattering Spectra for Studying the Interaction of Heparin with Some 

Basic Phenothiazine Dyes and Their Analytical Applications. Anal. Chim. 

Acta 2001, 449, 261–270. 

[224] Cheng, Z. H.; Xiao, B. P.; Yuan, F. L.Determination of Heparin Using 

Azure B by Flow Injection Analysis-Resonance Light Scattering Coupled 

Technique. Anal. Lett. 2005, 38 (2), 317–330. 

[225] Liu, S. P.; Luo, H. Q.; Xu, H.; Li, N. B.Resonance Rayleigh Scattering 

Study of Interaction of Heparin with Some Cationic Surfactants and Their 

Analytical Application. Spectrochim. Acta Part A 2005, 61, 861–867. 

[226] Huang, C. Z.; Pang, X. B.; Li, Y. F.; Long, Y. J.A Resonance Light 

Scattering Ratiometry Applied for Binding Study of Organic Small 

Molecules with Biopolymer. Talanta 2006, 69 (1), 180–186. 

[227] Liu, S.; Luo, H.; Li, N.; Liu, Z.; Zheng, W.Resonance Rayleigh Scattering 

Study of the Interaction of Heparin with Some Basic Diphenyl 

Naphthylmethane Dyes. Anal. Chem. 2001, 73 (16), 3907–3914. 

[228] Demir-Cakan, R.; Baccile, N.; Antonietti, M.; Titirici, M. M.Carboxylate-

Rich Carbonaceous Materials via One-Step Hydrothermal Carbonization 

of Glucose in the Presence of Acrylic Acid. Chem. Mater. 2009, 21 (3), 

484–490. 

[229] Ding, Y.; Cheng, H.; Zhou, C.; Fan, Y.; Zhu, J.; Shao, H.; Qu, L.Functional 

Microspheres of Graphene Quantum Dots. Nanotechnology 2012, 23 (25), 

255605. 

[230] Wang, Q.; Li, H.; Chen, L.; Huang, X.Monodispersed Hard Carbon 

Spherules with Uniform Nanopores. Carbon N. Y. 2001, 39 (14), 2211–

2214. 

[231] Paggiaro, R.; Bénard, P.; Polifke, W.Cryo-Adsorptive Hydrogen Storage 

on Activated Carbon. I: Thermodynamic Analysis of Adsorption Vessels 

and Comparison with Liquid and Compressed Gas Hydrogen Storage. Int. 

J. Hydrogen Energy 2010, 35 (2), 638–647. 

[232] Fang, Y.; Zheng, G.; Yang, J.; Tang, H.; Zhang, Y.; Kong, B.; Lv, Y.; Xu, 

C.; Asiri, A. M.; Zi, J.Dual‐Pore Mesoporous Carbon@ Silica Composite 

Core–Shell Nanospheres for Multidrug Delivery. Angew. Chemie Int. Ed. 



152 

 

2014, 53 (21), 5366–5370. 

[233] Tan, J.; Chen, H.; Gao, Y.; Li, H.Nitrogen-Doped Porous Carbon Derived 

from Citric Acid and Urea with Outstanding Supercapacitance 

Performance. Electrochim. Acta 2015, 178, 144–152. 

[234] Lei, Z.; Bai, S.; Xiao, Y.; Dang, L.; An, L.; Zhang, G.; Xu, Q.CMK-5 

Mesoporous Carbon Synthesized via Chemical Vapor Deposition of 

Ferrocene as Catalyst Support for Methanol Oxidation. J. Phys. Chem. C 

2008, 112 (3), 722–731. 

[235] Friedel, B.; Greulich ‐ Weber, S.Preparation of Monodisperse, 

Submicrometer Carbon Spheres by Pyrolysis of Melamine–formaldehyde 

Resin. small 2006, 2 (7), 859–863. 

[236] Ryu, J.; Suh, Y. W.; Suh, D. J.; Ahn, D. J.Hydrothermal Preparation of 

Carbon Microspheres from Mono-Saccharides and Phenolic Compounds. 

Carbon N. Y. 2010, 48 (7), 1990–1998. 

[237] Mi, Y.; Hu, W.; Dan, Y.; Liu, Y.Synthesis of Carbon Micro-Spheres by a 

Glucose Hydrothermal Method. Mater. Lett. 2008, 62 (8–9), 1194–1196. 

[238] Zheng, M.; Liu, Y.; Xiao, Y.; Zhu, Y.; Guan, Q.; Yuan, D.; Zhang, J.An 

Easy Catalyst-Free Hydrothermal Method to Prepare Monodisperse 

Carbon Microspheres on a Large Scale. J. Phys. Chem. C 2009, 113 (19), 

8455–8459. 

[239] Sevilla, M.; Fuertes, A. B.The Production of Carbon Materials by 

Hydrothermal Carbonization of Cellulose. Carbon N. Y. 2009, 47 (9), 

2281–2289. 

[240] Titirici, M. M.; Antonietti, M.; Baccile, N.Hydrothermal Carbon from 

Biomass: A Comparison of the Local Structure from Poly- to 

Monosaccharides and Pentoses/Hexoses. Green Chem. 2008, 10 (11), 

1204–1212. 

[241] Luo, T.; Gao, L.; Liu, J.; Chen, L.; Shen, J.; Wang, L.; Qian, Y.Olivary 

Particles: Unique Carbon Microstructure Synthesized by Catalytic 

Pyrolysis of Acetone. J. Phys. Chem. B 2005, 109 (32), 15272–15277. 

[242] Lou, Z.; Chen, C.; Zhao, D.; Luo, S.; Li, Z.Large-Scale Synthesis of 

Carbon Spheres by Reduction of Supercritical CO2 with Metallic Calcium. 

Chem. Phys. Lett. 2006, 421 (4–6), 584–588. 



153 

 

[243] Zhao, Y.; Li, W.; Zhao, X.; Wang, D. P.; Liu, S. X.Carbon Spheres 

Obtained via Citric Acid Catalysed Hydrothermal Carbonisation of 

Cellulose. Mater. Res. Innov. 2013, 17 (7), 546–551. 

[244] Liang, C.; Li, Z.; Dai, S.Mesoporous Carbon Materials: Synthesis and 

Modification. Angew. Chemie - Int. Ed. 2008, 47 (20), 3696–3717. 

[245] Material, E. S.; This, M. C.; Society, T. R.; Bourlinos, A. B.; Bakandritsos, 

A.; Kouloumpis, A.; Gournis, D.; Krysmann, M.; Giannelis, E. P.; 

Polakova, K.; et al.Supporting Information to Gd(III)-Doped Carbon Dots 

as a Dual Fluorescent-MRI Probe Athanasios B. Bourlinos,. J. Mater. 

Chem. 2012, 22 (44), 1–6. 

[246] Liao, H.; Wang, Z.; Chen, S.; Wu, H.; Ma, X.; Tan, M.One-Pot Synthesis 

of Gadolinium(Iii) Doped Carbon Dots for Fluorescence/Magnetic 

Resonance Bimodal Imaging. RSC Adv. 2015, 5 (82), 66575–66581. 

[247] Xu, Y.; Jia, X.; Yin, X.; He, X.; Zhang, Y.Carbon Quantum Dot Stabilized 

Gadolinium Nanoprobe Prepared via a One-Pot Hydrothermal Approach 

for Magnetic Resonance and Fluorescence Dual-Modality Bioimaging. 

2014. 

[248] Behera, P. S.; Vasanthavel, S.; Ponnilavan, V.; Kannan, S.Influence of 

Gadolinium Content on the Tetragonal to Cubic Phase Transition in 

Zirconia-Silica Binary Oxides. J. Solid State Chem. 2015, 225, 305–309. 

[249] Expression of Epithelial Cell Adhesion Molecule in Carcinoma Cells 

Present in Blood and Primary and Metastatic Tumors. 2005, pp 49–57. 

 

 


