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There has been a tremendous growth in interest in carbon nanodots (C-dots) in 

the past several years. As a nascent nanomaterial, C-dots have shown great promise in 

applications that benefit from their superior water dispersibility, low toxicity, non-

blinking fluorescent output, chemical and biological compatibility, ease of 

functionalization and resistance to photobleaching. With this positive outlook, however, 

challenges remain for the practical application of these fluorophores in specific 

biolabeling processes and bioassays. The goal of this effort has been to combine C-dots 

with biorecognition units for quantitative biomolecule determinations; specifically, the 

development of novel fluorescent immunoassays is presented here. These studies 

largely focused on the use of C-dot-labeled antibodies to target a protein disease 

biomarker, human alpha-fetoprotein (AFP).  

The research effort began with C-dot synthesis, followed by the application of 

capillary electrophoresis (CE) as an analysis tool for C-dot characterization and 



 

synthesis optimization. In addition, the CE work facilitated optimization of ensuing C-

dot biolabeling reactions. C-dots were hydrothermally synthesized from citric acid (CA) 

and ethylene diamine (EDA) with a quantum yield as high as 99%. A novel CE method 

utilizing an alkaline working buffer was developed for rapid and reliable analysis of C-

dots. A calibration curve was established over a broad concentration range (0.5-10 

mg/mL) with excellent linearity (R2=0.9989). Then, the C-dots were used to label 

antibodies via amine-amine coupling using glutaraldehyde. All of the components in 

the conjugation reaction were baseline separated using the newly developed CE method. 

One peak in the electropherogram, having a migration time between that of the 

unlabeled antibody and that for the unmodified C-dots, was identified as representing 

the C-dot labeled antibodies. In summary, a novel, simple and rapid CE method was 

developed for: (1) quantitation of C-dots and (2) analysis of a C-dot-antibody 

bioconjugate, thus providing a method for optimization of conditions for acquiring the 

desired C-dot bioconjugate.  

The research continued with the development of a sensitive, selective, 

environmentally-friendly, high throughput, well plate based immunosorbent assay for 

human AFP using C-dots. The capture anti-AFP (Ab1) was coated onto polystyrene well 

plates and bovine serum albumin (BSA) was used to block unsaturated binding sites. 

The C-dots were used to label the other member of the anti-AFP pair (Ab2) via amine-

amine coupling using glutaraldehyde. AFP was incubated to form a sandwich 

immunocomplex between Ab1 and Ab2 in the well plates, with unbound AFP and Ab2 

washed away with Tween-20. The fluorescence intensities detected from the C-dots in 



 

these immunocomplexes positively correlated to the concentrations of AFP antigen. A 

5-parameter logistic regression curve was established between fluorescence and 

clinically important AFP concentrations (range: 0-350 ng/mL with an R-squared value 

of 0.995). The results were in agreement with those from two more traditional 

immunoassays which used horseradish peroxidase (HRP, R2=0.964) and fluorescein 

isothiocyanate (FITC, R2=0.973) as biolabels. This demonstration was the first example 

of a C-dot linked immunosorbent (solid phase) assay. 

To enable convenient separation by centrifugation and straightforward surface 

chemistry, in the next stage of the research described here, C-dots were encapsulated 

into a stable suspension of 45 nm silica nanoparticles through a reverse microemulsion 

method. A novel ratiometric immunoassay was developed to target human AFP, based 

on C-dot doped silica nanoparticles (CD-SNPs) and fluorescein isothiocyanate (FITC). 

CD-SNPs (Ab1-CD-SNPs) capped with capture antibodies together with FITC labeled 

secondary antibodies (Ab2-FITC) constituted a ratiometric immunoassay pair, in which 

CD-SNPs functioned as both a solid support enabling separation and washing, and as a 

built-in source of correction to account for inconsistent environmental effects and 

experimental errors. A linear calibration curve was established between ratio of FITC 

to C-dot fluorescent signals (“F/C”) and a broad range of AFP concentrations (0-280 

μg/dL with an R-squared value of 0.9977) with a low detection limit (0.317 μg/dL or 

3.17 ng/mL) and acceptable recoveries. This is the first application of carbon nanodot 

doped silica nanoparticles to quantitative immunoassays for protein disease biomarkers. 

Moreover, the demonstration that these low-cost, simply-obtained and highly-



 

fluorescent C-dots can be simply encapsulated into silica nanoparticles for specific 

biolabeling may expand future applications of C-dots into areas of in-vivo cellular 

imaging, drug delivery, and in-vitro cell labeling and biomolecule sensing. 

In the last part of the research effort described here, an alternative colorimetric 

detection platform, where an Apple iPhone 4 camera equipped with a color analysis 

application (ColorAssist) was combined with Vitros® blood urea nitrogen (BUN) 

colorimetric assays, was examined as a model for rapid and inexpensive clinical 

diagnostic testing. Color images of assay slides at various concentrations of urea were 

collected with the smartphone camera and quantified in three spectral ranges 

(red/green/blue or RGB) using the color analysis application. Absorbance values were 

converted from these diffuse reflectance data to quantitate BUN over its clinically 

important concentration range (2-190 mg/dL) with good linearity (R2 = 0.9996 [n = 5]). 

This method was also applied to canine serum samples, the urea concentrations obtained 

were in good agreement with those from the instrumental “gold standard” (Beckman 

Coulter AU480) and a commercial colorimetric dry slide analyzer (HeskaTM  Element 

DC)). This effort demonstrated that smart phones have the potential to be used as simple, 

effective colorimetric detectors for quantitative diagnostic tests. 

Furthermore, many additional demonstrations of the use of C-dots for sensitive 

detection of ions showed discernible color changes as well. This in turn suggests a 

valuable direction for future research: to explore combinations of these simple and 

effective colorimetric C-dot assays for both point-of-care applications in the developed 

world and field deployment in developing nations. 
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CARBON NANODOTS AS BIOLABELS FOR FLUORESCENCE 

IMMUNOASSAYS 

CHAPTER 1 

INTRODUCTION TO CARBON NANODOTS, CAPILLARY 

ELECTROPHORESIS AND IMMUNOASSAYS 

  

 The following introduction chapter is divided into three sections. The first 

section is a review on carbon nanodots (C-dots), including the various synthesis routes, 

the optical properties and the applications that have been explored. The second section 

is an introduction to capillary zone electrophoresis (CZE or CE), including the basic 

theory and the application of CE analysis to nanoparticle separation and characterization. 

The final section of the introduction chapter focuses on immunoassays, including the 

key reagents required for immunoassay development, various formats of immunoassays 

and the common statistical models for result interpretation. The first chapter is intended 

to provide background information for the entire dissertation. 
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1.1 Carbon nanodots 

1.1.1 Introduction to carbon nanodots 

 In 2004, Xu et al. 1 discovered a fast moving band of highly luminescent carbon 

nanomaterials while conducting a gel electrophoresis purification of carbon nanotubes 

(CNTs). Since then, there has been tremendous growth in interest in these newly 

discovered carbon nanomaterials. In an effort to differentiate them from other 

nanocarbons, such as fullerenes, nanodiamonds, CNTs and graphene, they are called 

carbon nanodots (C-dots).  

 C-dots are considered nascent quantum dots (QDs) as they combine several 

favorable attributes of semiconductor-based QDs. These attributes include a typically 

high fluorescence, high resistance to photobleaching, size-dependent and excitation-

dependent behaviors, chemical inertness and ease-of-bioconjugation, without the 

disadvantages of toxicity or tedious and costly synthesis. Therefore, C-dots, which are 

nontoxic and obtainable from inexpensive and abundant raw materials in one-step, are 

most notable in their potential to serve as alternatives to heavy-metal based QDs. 

1.1.2 Synthesis of carbon nanodots 

 C-dots have been synthesized through various approaches, which can be 

divided into two categories: top-down and bottom-up synthesis methods2. In Figure 1.1, 

the typical two synthesis routes of C-dots are described3. Top-down methods describe 

preparation of C-dots from bulk starting materials such as graphite powders and CNTs 

using harsh physical and chemical conditions such as arc discharge1, laser ablation4-8, 

acid oxidation3,9,10, electrochemical exfoliation11-14 and hydrothermal treatments15-17. 
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In bottom-up synthesis methods, small molecules such as conjugated hexa-peri-

hexabenzocoronene (HBC)18 and C60
19 and non-conjugated glucose20 and citric 

acid21,22 are used to prepare C-dots by applying external energies such as combustion, 

microwave pyrolysis and hydrothermal routes. Compared with the top-down methods, 

the bottom-up routes are advantageous in a more broad selection of precursors and 

carbonization methods, allowing C-dots of different compositions and properties to be 

produced23. 

 

 

Figure 1.1. Schematic diagram of the typical top-down and bottom-up synthesis routes 

of C-dots. 

 

 Most of the C-dot products have low photoluminescence quantum yields (QY). 

QYs of the C-dots synthesized through hydrothermal or solvothermal reactions in the 

years before 2013 are summarized in Table 1.1. Doping and surface passivation 

methods, which have been widely used in the bulk semiconductor industry to tune the 
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optical or electrical properties by changing electron densities, have also generated 

significant improvements in photoluminescence of C-dots24-27, especially in the case of 

nitrogen-doped C-dots. As an example, C-dots synthesized from a hydrothermal 

treatment of the precursors citric acid and ethylene diamine gave a QY of 94 percent23. 

The following formation mechanism for these highly luminescent C-dots has been 

proposed23: (1) the carbon precursor (citric acid) self-assembles into a graphite-sheet-

like framework through intermolecular dehydrolysis under alkaline conditions. At this 

point, a quantum yield of about 10% is often determined for non-doped nitrogen-free 

C-dots. (2) The nitrogen precursor (ethylene diamine) enters the sheet framework 

forming pyrolic structures through intramolecular dehydrolysis between the 

neighboring amide and carboxyl groups. (3) The pyrolic nitrogen is then converted into 

graphite nitrogen during prolonged hydrothermal reactions while higher fluorescent C-

dots are formed. 
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Table 1.1. C-dots produced from hydrothermal and solvothermal synthesis routes28 

before 2013 

 

 
 

Notes: “FC” = fluorescent color; “QY” = quantum yield. 
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1.1.3 Optical properties of carbon nanodots 

 An absorption spectrum usually gives some information on molecular structure, 

showing a number of absorption bands that corresponds to structural groups within the 

molecule. C-dots typically show obvious absorption bands in the UV region, around 

230 nm, due to the π→π* transition of aromatic sp2 domains15,20,29, with long tailing 

into the visible region. Another absorption band centered between 270 nm and 390 nm 

is also very typical, which is usually associated with n→π* transition of carbonyl 

groups30. C-dots prepared via top-down methods usually have size-dependent 

absorption properties31,32. This could possibly be due to quantum confinement effects, 

which similarly manifest themselves with traditional QDs33. C-dots prepared via 

different methods reveal different optical properties20. Some researchers believe that 

absorption behaviors of C-dots are more related to the preparation methods and 

resulting fine structure than to the sizes of dots34,35.  

 C-dots exhibit photoluminescence (PL) with emission wavelengths ranging 

from deep UV20, to yellow31, to red36, to white37. However, most of the reported PL 

colors of C-dots are green17,37-40 and blue2,15,18,24,37,41,42. While the origin of C-dot PL is 

still a matter of debate, in general, PL of C-dots is believed to be attributable to either 

a combination of or competition between intrinsic state emissions and defect state 

emissions35. Therefore, C-dots prepared using various methods can exhibit distinctly 

different PL properties. Some C-dots have size-dependent PL emissions10,31, mainly 

attributed to the quantum confinement effect, while others have size-independent PL 

emissions20. In addition, both excitation-dependent3,16,18,31,38,43 and excitation-

independent21,41,44 PL emission behaviors have been reported for C-dots (Figure 1.2). 
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The excitation-dependent properties were believed to result from optical selection of 

different sizes and different emissive sites25,38,45. Therefore, when the dots are of high 

uniformity in both size and surface chemistry, excitation-independent behaviors are 

obtainable. In addition to size and excitation-wavelength dependence, some of the C-

dots exhibited pH-dependence15,38, solvent-dependence38 and concentration-

dependence46. These different properties support the argument of dissimilar PL 

mechanisms for different C-dots.  

 

Figure 1.2. Schematic diagram of typical excitation-dependence and excitation-

independence of PL emission behaviors. a. The maximum emission wavelengths shift 

with increase of the excitation wavelengths, describing a typical excitation-dependent 

PL behavior. b. The maximum emission wavelengths remain constant with increasing 

excitation wavelength, describing a typical excitation-independent PL behavior. 
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Upconversion PL properties have also been reported for some of the C-dots3, where 

multiphoton active processes and anti-stokes photoluminescence were proposed as 

possible mechanisms. 

 

1.1.4 Applications of carbon nanodots 

 The traditional semiconductor QDs, such as CdSe QDs, have been applied to 

imaging both in vitro and in vivo. However, the heavy metals used in these QDs render 

them cytotoxic, complicating cellular imaging research and leading to concern 

regarding their fate and transport in the environment. Relatively benign carbon 

structures such a C-dots, though, having low cytotoxicity and strong and stable 

photoluminescence, make them attractive alternatives to CdSe QDs for bioimaging 

10,31,38,43,44,47,48, drug delivery 49-51 and DNA cleavage52 applications.  

 C-dots have also been used in sensor applications, such as electronic, 

electrochemical, electrochemiluminescent and PL sensors. Signal-off PL sensors have 

been designed by quenching C-dots through different mechanisms, such as charge 

transfer for Fe3+ detection53, passivation layer disruption for free Cl- detection54, and 

luminescence resonance energy transfer for detection of organic molecules such as 

TNT55 and pyrocatechol16. Signal-on PL sensors have also been built through off-to-on 

mechanisms with a “helper” quencher. In this manner phosphate (Pi)56 and glucose57 

have been detected. Some PL sensors have made use of the nature of graphene for 

Ag+/biothiol58 and IgG59 detection. Despite this wide and growing range of potential 

applications, simple ion detection has been the most heavily studied application area 

for C-dots (Table 1.2). 
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Table 1.2. Ion detection applications of C-dots28 before 2013.  

 

Ion Detection Limit Linear Range Sample Description 

Hg2+ 0.23 nM 0.5-10 nM Lake water 

Hg2+ Submicron molar 0.1-2.69 nM NA 

Hg2+ 0.5 nM 0.005-0.01 μM Lake water 

Hg2+ 4.2 nM 0-3 μM Lake, fountain and tap water 

Hg2+ 10 nM 0.5-10 μM Lake water 

Hg2+ 10 nM 0-5 μM Tap water, bottled water 

Hg2+ NA 0.1-2.69 nM NA 

Hg2+ 8.2 nM 50 nM - 100 μM River water 

Cu2+ 0.09 - 0.12 nM 0.3-1.6 μM Extra- and intra- cellular 

Cu2+ 100 nM 1-60 μM Rat brain 

Cu2+ 1 μM 0.001-0.1 μM Living cells 

Cu2+ 6 nM 10-1100 nM River water 

Cu2+ 13 nM 0.001-0.1 mM Living cells 

Cu2+ 0.58 pM 0.002-1.5 nM Hair and tap water 

Fe3+ 0.32 μM 0-20 μM Real water 

Fe3+ 1 ppm NA NA 

Fe3+ 2 nM 0-1 μM NA 

Ag+ 500 pM NA Lake water 

Pb2+ 5.05 μM 0-6 mM NA 

Sn2+ 0.36 μM 0-4 mM NA 

Co2+ 0.67 nM 1-1000 nM HepG2 cells 

I- 430 nM 0.5-20 μM Urine 

F- 0.031 μM 0.1-10 μM Toothpaste, water samples 

 

 

1.2 Introduction to capillary zone electrophoresis 

 The first report of an electrophoretic separation was made by Tiselius in 1937, 

who applied an electric field to a free solution in a glass tube to drive differential 

migration of charged species (serum proteins). Supporting (anti-convective) media 

such as paper and gels were then applied instead of free solutions, since band 
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broadening in electrophoresis was attributed to diffusion and convection caused by 

joule heating. Performing electrophoresis in narrow bore tubes was later found to be 

more efficient, allowing heat dissipation and decreasing band broadening. In 1967, 

Hjerten built the first apparatus for capillary zone electrophoresis (CZE or CE). Since 

then, with the modern automatic CE systems commercialized in 1980s, significant 

advances have been made in research on CE in regards to both system optimization and 

a broad range of applications. 

1.2.1 Theory of capillary zone electrophoresis 

 CE is a separation technique in which separation is carried out without a sieving 

matrix or a packing medium. Rather, it is based on the solution-phase electrophoretic 

mobility of the ionic analytes in an electric field. A typical CE system (Figure 1.3) 

consists of a fused silica capillary with both ends submerged into two containers of 

background electrolyte (BGE) buffer solutions. Two electrodes, which are connected 

with a high voltage supply, are also immersed into the two BGE containers to complete 

the full circuit. Sample, normally introduced at the anodic end of the capillary, travels 

through the capillary to the cathode when voltage is applied.  
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Figure 1.3. Schematic diagram of a typical capillary electrophoresis system 
 

 Species in the sample are separated according to differences in their respective 

mobilities. The apparent mobility of an ion (µa) is defined as a combined function of 

both the ion’s effective electrophoretic mobility (µep) and the electroosmotic flow (µeo):  

µa =  µep + µeo       (1.1) 

1.2.1.1 Electroosmotic flow (µeo) 

 Electroosmotic flow (EOF) plays a vital role in CE. This surface-derived bulk 

flow of the working buffer along the capillary arises from the interior surface charge of 

the capillary. The generation of EOF inside the capillary can be explained using the 

Stern model60 as presented in Figure 1.4. In a fused silica capillary, silanol groups (Si-

OH) on the inside surface of the capillary generate, when the capillary is filled with an 

aqueous solution, a surface charge. These silanol groups exist as either protonated Si-

OH (neutral) while at low pH (below 2.5 approximately) or deprotonated Si-O- 

(negative) while at pH above 3. The negatively charged capillary surface attracts 

counter-ions from the bulk solution forming an electric double layer: the inner Stern 
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layer consists of positive ions held tightly to the negatively charged wall and the outer 

Gouy layer consists of diffusive mobile positive ions (Figure 1.4). 

 

 

Figure 1.4. Schematic representation of the electroosmotic flow and electric double 

layer in a negatively charged fused silica capillary wall.  

 

 Knox61 gives an equation describing the thickness of the double layer (δ) as: 

δ = [ε0ε𝑟
RT

2cF2 
]1/2        (1.2) 

where δ is thickness of double layer, ε0 and εr  represent the permittivity of vacuum and 

medium, R is the universal gas constant, T is absolute temperature, c is the molar 

concentration of buffer, and F is the Faraday constant. According to Equation 1.2, the 

thickness of the double layer is calculated to be 10 nm for an aqueous monovalent 

electrolyte at 0.001 M and 1 nm for an aqueous monovalent electrolyte at 0.1 M. 

 The formation of the electric double layer creates an exponential potential drop 

from the surface of the capillary to the bulk solution. The potential drop between the 

capillary surface and the interface of diffuse layer and bulk solution is called the zeta-
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potential (ϛ).  Zeta-potential (ϛ) is dependent on δ (the thickness of double layer) and 

the capillary surface charge density (σ)62 according to Equation 1.3:  

ϛ =
δσ

ε0ε𝑟
       (1.3) 

 When a voltage is applied across the capillary, the hydrated positive ions in the 

diffusive Gouy layer migrate to the cathode, which creates a dragging effect to all of 

the species entrained in the bulk solution, resulting in a net flow in the direction of the 

cathode regardless of the charge on the entrained solutes. This bulk flow is called 

electroosmotic flow (EOF) (Figure 1.4). The EOF mobility (µeo) depends on the 

capillary surface charge density (σ), the thickness of the double layer (δ) and the 

viscosity of the separation medium (η) according to the Smoluchowski equation:  

µeo =  
ε0ε𝑟 ϛ

η
=

ε0ε𝑟 

η

δσ

ε0ε𝑟
=

δσ 

η
       (1.4) 

According to Equations 1.2 and 1.4, the main factors affecting the EOF mobility are 

the pH and ionic strength of the working buffer. At a pH higher than 9.0, the silanol 

groups on capillary inner surface are completely deprotonated and the EOF mobility is 

at its highest. However, at a pH lower than 4.0, the EOF mobility is insignificant. 

1.2.1.2 Electrophoretic mobility (μep) 

 In free solution capillary electrophoresis (CE), separation of different species 

in the sample happens only when they have different electrophoretic mobilities (µep) 

from one another. The magnitude of µep for a given solute is governed by its charge (q) 

to radius (r) ratio, where the direction is defined by the charge of the ion63.  
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µep =  
𝑞

6π ηr
      (1.5) 

The charge to size ratios of species result in different electrophoretic mobilities. An ion 

with higher charge and smaller size has greater µep, whereas an ion with lower charge 

and larger size has lower µep. Because of the complicated shapes of various analytes, 

the size of an analyte is usually approximated as the mass of the molecule.  

 In the presence of an electric field (E), the actual migration velocity (Va) of a 

species is a combination of both its electrophoretic mobility (μep) and the 

electroosmotic flow (µeo):  

𝑉𝑎 =  µ𝑎𝐸 =   (µep +  µeo) ∙ E       (1.6) 

Under cathodic flow, all species travel from the inlet anode (positive) to the outlet 

cathode (negative) together with the bulky EOF. However, cations have positive µep, 

neutrals have zero µep and anions have negative µep.  As a result, cations travel faster 

than the bulk EOF, anions travel slower than bulk EOF, and neutrals can be used to 

measure the EOF since they travel at the same speed as EOF. Considering both the 

charges and sizes of analytes, the mixture of species with different charges and sizes 

migrate towards the cathode end in a sequence as described below (Figure 1.5). 

 
 

Figure 1.5. Schematic diagram describing the sequence of ions migrating across the 

capillary from anode to cathode depending on both the size and charge of ions. The 

sequence of ions migrating out of the cathode: small and high positive ions, small and 

low positive ions, large and low positive ions, neutral ions, large and low negative ions, 

then small and high negative ions.  
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1.2.2 Capillary electrophoresis for nanoparticle analysis  

 Nanoparticles (NPs), defined as particles with one dimension of less than 100 

nm, possess unique physicochemical properties that can be widely applied to almost all 

fields of science today, most significantly, the materials science, chemical and 

biological analysis, medical and biological imaging fields. NPs can be classified into 

five categories64: metal NPs, ceramic NPs, polymeric NPs, semiconductor quantum 

dots (QDs) and carbon NPs. The properties of NPs are usually dependent on their size, 

shape and surface functionality. For example, size-dependent properties and quantum 

confinement effects give semiconductor QDs unique properties of continuous 

absorption spectra, symmetric and narrow emission, and high emission QYs. Also, the 

surfaces of NPs have commonly been modified to introduce functional groups or 

selective molecules to provide NPs important merits including stability, 

biocompatibility, selectivity and functionality for biological and medical purposes. For 

example, semiconductor QDs are usually hydrophobic and the inorganic elements at 

the core are toxic. Different surface modifications have provided them good water-

dispersibility and easy conjugation with biomolecules through covalent and 

noncovalent linkages. Therefore, it is important to have a rapid and effective technique 

for the characterization of NPs in terms of particle size, size distribution and surface 

charge. It is equally important to determine the concentrations of NPs and characterize 

the binding of NPs with biomolecules for biological applications where stability, 

specificity and toxicity are significant concerns.  

 Various characterization techniques have been employed to investigate NPs and 

their conjugates, namely transmission and scanning electron microscopy (TEM and 
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SEM), dynamic light scattering (DLS), size exclusion chromatography (SEC), atomic 

force microscopy (AFM) and fluorescence correlation spectroscopy (FCS). However, 

considering the complexity and time it takes to utilize these methods, CE offers itself 

as an alternative, rapid and powerful analytical technique that exhibits good separation 

and efficient analysis for NPs. There have been numerous works on applying CE to 

various types of NPs in biological and medical studies, mostly on QDs, gold NPs and 

magnetic NPs (Figure 1.6). Thus, CE analysis of carbon NPs and silica NPs has great 

potential to make equally important contributions to their research just as it has to other 

NPs. 

 

Figure 1.6. The percentage of articles published based on Web of Science relative to 

nanoparticle types using CE in biological and medical studies since 2005. Other 

nanoparticles include carbon, polymeric, and silica nanoparticles64. 

1.3 Introduction to immunoassays 

 Immunoassays are used to quantify molecules of biological interest based on 

the specificity and selectivity of antibody reagents. Immunoassays have been widely 
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applied to many important areas of pharmaceutical analysis such as the diagnosis of 

disease, therapeutic drug monitoring and clinical pharmacokinetics in drug discovery 

and the pharmaceuticals industry.  

1.3.1 Reagents required for immunoassay development  

1.3.1.1 Antibodies 

 The key reagent in any immunoassay is one or more antibodies; these can be 

either polyclonal or monoclonal (Figure 1.7). Due to their higher degree of affinity and 

specificity, monoclonal antibodies generally are the better option for immunoassay 

development, though many successful immunoassays have been developed with 

polyclonal antibodies. 

 

Figure 1.7. Two types of commercial available antibodies: polyclonal and monoclonal. 

Polyclonal antibodies, contained in an antiserum mixture, recognize and bind to the 

same antigen but to different epitopes. Monoclonal antibodies, produced from a single 

hybridoma cell line, are highly specific to one single epitope on a multivalent antigen. 
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1.3.1.2 Signal generating labels 

 The signal generating labels of immunoassays include mainly two categories: 

isotopic and nonisotopic labels. The commonly used isotopic labels and other 

nonisotopic labels, such as enzymes, fluorescent probes, chemiluminescent substances, 

metals and metal chelates and liposomes, are listed in Table 1.365. Enzymes are the 

most common probes for immunoassays because of their potential to deliver increased 

sensitivity owing to their signal amplification capabilities. The typical detection limits 

achievable for each type of label are also listed, though of course these depend largely 

on the various detection methods.  

1.3.1.3 Separation matrices and assay formats 

 The matrices and formats used for separation of the fully formed 

immunocomplexes include the most commonly used 96-well microwell plates, 

microbeads66,67, charcoal68 and polyethylene glycol69. One component of the 

immunoreaction, analyte or antibody, is typically coated or otherwise immobilized onto 

one of these separation matrices. After an immunocomplex is formed, the use of these 

separation matrix facilitates ensuing washing steps, in turn leading to a final specific 

readouts for the immunoassay. 
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Table 1.3. Types of labels commonly used in immunoassays65 and their common 

sensitivities depending on their respective readouts. 

 

Types of labels in 

immunoassays 

Examples Detection limit (M) 

Radioisotopes 14C, 3H, 32P, 125I, 57Co 1-10-15 

Fluorophores  Fluorescein, Rhodamine, 

Rare earth 

1-10-10 

1-10-14 (fluorescence 

polarization) 

1-10-17 (time resolved 

fluorescence) 

Chemiluminescence  Luminol and derivatives, 

Luciferin/ luciferase 

1-10-13 

Enzymes Alkaline phosphatase, Horse 

radish peroxidase (HRP), 

NADH dehydrogenase, 

Glucose oxidase, Urease, 

Glucose-6-phosphate 

dehydrogenases, Lysozymes, 

Malate dehydrogenase 

1-10-16 (photometric) 

1-10-19 (fluorescence) 

1-10-20 (coupled 

enzyme reaction) 

1-10-21 

(chemiluminescence) 

Electrochemiluminescence  Ru(bpy)3
2+ 2-10-20 

Particles Fe3O4, Latex, Silica NP, 

MNP 

N/A 

Metallic Ions Au3+ N/A 
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1.3.2 Types of immunoassays 

 Immunoassays are usually categorized into competitive and noncompetitive 

immunoassays, both of which can be homogenous or heterogeneous, depending on 

whether a solid phase is involved and whether a separation step is required or not.  

 Competitive immunoassays can be divided into two types depending on 

whether antibody or antigen is coated onto a solid phase. This gives antigen-capturing 

and antibody-capturing competitive immunoassays70. In antigen-capturing 

immunoassays, antigen in the sample competes with labeled antigen to bind with the 

coated capture antibodies on a solid phase (Figure 1.8). The more antigen that exists in 

the sample, the less opportunity exists for the labeled antigen to bind with coated 

antibodies on the solid surface. In antibody-capturing immunoassays, however, antigen 

in the sample competes with antigen coated on the solid surface to bind with free 

labeled antibodies (Figure 1.8). The more antigen existing in the sample, the less 

opportunity exists for labeled antibody to bind with the coated antigen on the solid 

surface. For both formats of competitive immunoassays, signal-off (negative) 

calibration curves are obtained, where signals from the labels bound to a solid surface 

decrease with increasing antigen concentration in the sample.  

 The noncompetitive immunoassay is also called a “sandwich” immunoassay 

because it requires two antibodies, which are able to bind to two non-overlapping 

epitopes of a multivalent antigen, “sandwiching” one antigen to form the 

immunocomplex (Figure 1.9). Therefore, analytes that are determined by this type of 
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assay are generally large analytes. Consequently, a signal-on (positive) calibration 

curve is obtained for noncompetitive immunoassays.  

 

Figure 1.8. Schematic diagram of two types of competitive immunoassays: antigen-

capture competitive immunoassays and antibody-capture competitive immunoassays. 
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Figure 1.9. Schematic diagram of noncompetitive immunoassays (sandwich 

immunoassays). 

 

1.3.3 Results interpretation 

 Five common calibration curve models are used for most immunoassays71 

(Table 1.4). The choice of the statistical model to be applied for a given immunoassay 

is very important, since a significant source of variability derives from the selection of 

the model used to generate the calibration curve.  

 

 

 

 

 

 



23 

 

Table 1.4 Types of statistical models commonly applied to immunoassay calibration 

curves71.  

 
Immunoassay 

calibration curve 

models 

Equations Notes 

Linear model Response = a + b*(Concentration) + error Often the linear model is fitted 

after log transformation of the 

response and concentration.  

Quadratic model Response = a + b*(Concentration) + 

c*(Concentration)2 + error 

a: intercept 

b: linear term coefficient 

c: quadratic term coefficient 

Four parametric 

logistic model 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒

= 𝑇𝑜𝑝 +  
(𝐵𝑜𝑡𝑡𝑜𝑚 − 𝑇𝑜𝑝)

1 + (
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝐶50
)

𝑠𝑙𝑜𝑝𝑒 

Top: top asymptote 

Bottom: bottom asymptote 

EC50: the concentration at 

which the response is halfway 

between Top and Bottom 

Five parametric 

logistic model 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒

= 𝑇𝑜𝑝

+  
(𝐵𝑜𝑡𝑡𝑜𝑚 − 𝑇𝑜𝑝)

[1 + (
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝐶50
)

𝑠𝑙𝑜𝑝𝑒

]𝐴𝑠𝑦𝑚𝑚𝑡𝑒𝑟𝑦

 

Asymmetry: the degree of 

asymmetry in the shape of the 

sigmoidal curve with respect to 

EC50. A value of 1 indicates 

perfect symmetry.  
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CHAPTER 2 

A CAPILLARY ELECTROPHORESIS METHOD FOR SEPARATION AND 

CHARACTERIZATION OF CARBON NANODOTS AND CARBON NANODOT-

ANTIBODY BIOCONJUGATES 

2.1 Abstract 

 Capillary electrophoresis (CE) coupled with UV absorbance detection has been 

applied as an analysis tool for carbon dots (C-dots), which were hydrothermally 

synthesized from precursors citric acid (CA) and ethylene diamine (EDA). An alkaline 

working buffer (100 mM tris acetate, pH 8.4) was found to be optimum for rapid and 

reliable analysis of C-dots. A calibration curve was established over a broad 

concentration range (0.5-10 mg/mL) with excellent linearity (R2=0.9989). The CE 

method was also applied to enhance understanding of and facilitate optimization of 

ensuing C-dot biolabeling reactions. The novel CE method was used to confirm and 

quantify production of C-dot labeled antibodies. The optimum concentration of 

antibody for use in the labeling reaction was determined.  

  

2.2 Introduction 

 Carbon dots (C-dots), also called carbon nanodots and carbon nanoparticles, 

have recently been found to have great potential as alternatives to traditional heavy 

metal quantum dots and organic fluorophores, especially in biological applications, due 

to their favorable attributes such as high fluorescence, high photo- and chemical- 

stability, good biocompatibility, low toxicity and ease of preparation1-3. Among the 

wide variety of carbon nanomaterials under research, C-dots (derived from carbon and 
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nitrogen precursors) have routinely exhibited higher fluorescence intensities per unit 

mass. For example, C-dots produced via bottom-up hydrothermal treatment of citric 

acid (CA) and ethylene diamine (EDA) achieved greater than 90% quantum yield4. An 

offsetting disadvantage, though, is that C-dots obtained from both top-down and 

bottom-up routes tend to exhibit a rather complex and heterogeneous character in terms 

of both size and surface functionality.  

 To fully explore the potential of C-dots as biocompatible fluorescent labels, C-

dots are often linked to biomolecules with the help of bifunctional linkers such as EDC 

(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride), homofunctional 

linkages such as glutaraldehyde, and electrostatic attraction. C-dots have been linked 

to biorecognition units such as antibodies5, 6 and nucleic acids (aptamers)7, and have 

been successfully applied to immunoassays5, DNA hybridization and cell imaging8, 9. 

In these applications, C-dot bioconjugation plays a vital role in determining sensitivity. 

It is clear that all of these applications would benefit from the efficient separation of 

conjugates from free C-dots and biorecognition units (proteins and DNAs). 

 As an open tubular separation technique, capillary electrophoresis (CE) offers 

inherent advantages over packed column chromatography and slab gel electrophoresis 

for nanomaterial separation and characterization. CE has been successfully applied to 

separation and characterization of a series of nanoparticles10, 11, including QDs and QD 

conjugates with biomolecules12. Carbon nanomaterials, such as chemically converted 

graphene13 and carbonaceous soot14, have also been analyzed by CE. Hu et al.15 applied 

CE to a study of how synthetic conditions, such as mole ratios of NH2/COOH in 

precursors and durations of microwave heating time, influenced the surface-
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functionality of the resulting C-dot species, aiming at finding the optimum CE 

conditions for separation of positively, neutral and negatively charged C-dots.  

 In this paper, we described a novel, simple, rapid CE method for: (1) 

quantitation of C-dots, and (2) analysis of a C-dot-antibody bioconjugate, thus 

providing a method for optimization of conditions for acquiring the desired C-dot 

bioconjugate. To the best of our knowledge, this is the first work focused on applying 

CE as a diagnostic tool for C-dot labeling reactions. 

2.3  Materials and methods 

2.3.1 Chemicals and instruments 

 Anhydrous citric acid (enzyme grade, 99.5%) was purchased from Thermo 

Fisher Scientific (Waltham, MA). Ethylenediamine (SigmaUltra) and Glutaraldehyde 

(Grade 1, 50% aqueous solution) were purchased from Sigma (St. Louis, MO). Mouse 

derived anti-human antibody for alpha-fetoprotein was purchased from BiosPacific 

(Emeryville, CA). Biotech CE tubing (MWCO 100-500 Da; 100 kD) for dialysis was 

purchased from Spectrum Labs (Rancho Dominguez, CA). Centrifugal ultrafiltration 

units were purchased from Pall Corporation (Port Washington, NY) and Millipore 

(Billerica, MA). All other chemicals were of analytical grade and ultrapure water 

(Millipore, Billerica, MA) was used for all aqueous solutions. Samples and buffers for 

use with the CE system were filtered through 0.2 μm membranes.  

 A Hewlett Packard 3D capillary electrophoresis system, equipped with a diode 

array UV-Vis detector, was used for CE analysis. Bare silica capillaries were purchased 

from Polymicro Technologies (Phoenix, AZ).  
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2.3.2 Preparation of C-dots 

 C-dots were synthesized from citric acid (CA) and ethylene diamine (EDA) 

(molar ratio CA: EDA = 1:4) using a hydrothermal reaction described previously6. The 

crude carbon dot solution was dialyzed with ultrapure water for 2-3 days using Biotech 

CE tubing with MWCO 100-500 Da. Aqueous C-dot solutions were stored under dark 

conditions at room temperature. Samples of C-dots were dried and weighed to produce 

solutions of various concentrations.  

2.3.3 Direct bioconjugation of antibodies to C-dots using glutaraldehyde 

 Purified C-dot stock solution (3040 µL, 10 mg/mL) was mixed with diluted 

glutaraldehyde (200 µL, 5% (w/v)), and stirred for 1 hour prior to adding the antibody 

(anti-AFP in 100 mM PBS) to reaction flask. The conjugation reaction was kept stirring 

at room temperature overnight, then transferred to an ice bath.  800 µL of freshly 

prepared 20 mg/mL sodium borohydride was then added dropwise to the reaction, with 

stirring, in an ice bath. The reduction reaction was maintained at 4°C for two days 

before the solutions were directly analyzed by CE, unless otherwise stated.  C-dot 

labeled anti-AFP was isolated by dialysis against 1×PBS for 2 days to remove excess 

unlabeled C-dots and salts, with several buffer exchanges. Alternatively, centrifugal 

ultrafiltration units (50 kD MWCO) were used for this purpose, with multi-fold 

washing using 1×PBS buffer.  

2.3.4 CE Procedures 

 CE method for C-dot quantitation: A bare silica capillary with total length of 

47 cm, effective length of 38.5 cm, and inner diameter of 74 μm was used to determine 
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the concentrations of C-dots. New capillaries were flushed with water for 5 min, 1 M 

NaOH for 10 min, then water and working buffer for 5 min each. Aqueous C-dot 

samples were introduced at a pressure of 10 mbar for 5 s. Positive voltage of 20 kV 

was applied for electrophoretic separation of the C-dots. UV absorbance at 240 nm and 

350 nm were monitored. Between-run conditioning was carried out by flushing for 1 

min with 1 M NaOH, 1 min with water and 2 min with working buffer. The working 

buffer was tris-acetate (100 mM, pH 8.4). Five C-dot samples (0.5, 2.5, 5, 10 and 15 

mg/mL) were analyzed five times each using this CE method, and peak areas were 

plotted against concentrations to obtain a calibration curve.  

 CE method for antibody C-dot conjugates: the same capillary as above was used 

for separation and characterization of labeled C-dots. The antibody labeled C-dot was 

introduced using a pressure of 10 mbar for 5 s. Positive voltage of 12 kV was applied 

for separation. UV absorbance at 280 nm was monitored for glutaraldehyde, C-dot 

labeled anti-AFP and unlabeled anti-AFP; and 350 nm was monitored for unlabeled C-

dots. Between-run conditioning was carried out by flushing the capillary for 3 min with 

1 M NaOH, 3 min with water and 6 min with working buffer. The working buffer was 

tris-acetate (100 mM, pH 8.4).  

2.4 Results and discussion 

2.4.1 Effect of pH on CE analysis of C-dots  

 The initial characterization work showed that, as-synthesized C-dots have 

vibrational stretches indicating O-H, N-H, and C=O bonds as well as bending of N-H 

bonds in IR spectra6. The abundance of amine, amide and carboxylic acid moieties 
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account for the stable water suspensions of C-dots, which in turn makes CE an ideal 

tool for their analysis. Since C-dots have prominent UV absorption at both 240 nm and 

350 nm6, a diode array detector equipped CE system is suitable for C-dot analysis.  

According to studies by Hu et al.15, an acidic running buffer (pH 3.6) was optimal in 

providing effective separations of positive and neutral C-dots but yielded an average 

run time of more than 30 min. Aimed at obtaining a fast quantitation method for C-dots 

and providing some guidance on bioconjugation reactions, we used 100 mM acetate 

(pH 4.36, pH 4.78 and pH 5.21) and 100 mM tris-acetate (pH 7.7 and pH 8.32) as 

working buffers for C-dot separation and quantitation. As shown in Figure 2.1, the 

migration times of C-dots decreased with increasing pH from 4.36 to 8.32, as amine 

and carboxylic acid groups were deprotonated, the C-dots became more negatively 

charged at higher pH. Since the bulk electroosmotic flow increased at a rate greater 

than the electrophoretic mobility of the C-dots, the bulk flow swept the C-dots more 

rapidly toward the cathode without adversely influencing the C-dot electrophoretic 

zone profiles. In an alkaline run buffer (tris-acetate, pH 8.32) the analysis time for C-

dots was significantly reduced (from 80 min to under 20 min), which was different 

from results obtained by Hu et al.15 using 30 mM alkaline phosphate buffers, where 

only broad bands of unresolved peaks were observed. Significantly high currents were 

observed from our trials using the Hu et al.15 phosphate buffers in our CE system, which 

suggests that the high conductivity of this phosphate buffer may have led to appreciable 

joule heating in this CE analysis, resulting in zone spreading and loss of resolution. 
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Figure 2.1. Electropherograms of aqueous solutions of C-dots (after desalting via 

dialysis) with run buffers of 100 mM acetate or 100 mM tris-acetate at different pHs: 

pH 4.36, pH 4.78, pH 5.21, pH 7.7 and pH 8.32. Electropherograms were offset for 

clarity and ease of comparison. * indicates the peak arising from the C-dot analyte.  

   

 

2.4.2  Reproducibility of CE analysis of C-dots 

 Optimization of CE conditions led to the use of bare silica capillaries with total 

length (TL) of 47 cm, effective length (EL) of 38.5 cm, and inner diameter (ID) of 74 

μm for all subsequent analyses of C-dots. Aqueous C-dot samples were introduced at 

a pressure of 10 mbar for 5 s. Positive voltage of 20 kV was applied to generate a 

cathodic flow. UV absorbance at 240 nm and 350 nm were monitored. A tris-acetate 

(100 mM, pH 8.4) working buffer was used. As shown in Figure 2.2, five consecutive 

analyses of aqueous C-dots (10 mg/mL) were carried out to assess the reproducibility 

of the CE method. Each run required less than 10 min. The electropherograms for the 

C-dots, compared to that of a neutral marker, dimethylformamide (data not shown), 

indicated that the main peaks for the C-dots at 5.88 min (Figure 2.2, peak with asterisks) 
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were negatively charged and accounted for the majority of C-dot population. The 

relative standard deviations (RSD %) of migration times and peak areas for these 

predominant peaks are summarized in Table 2.1. The RSDs were below 3%, indicating 

excellent reproducibility for this novel CE method.  

 

Figure 2.2. Electropherograms for five consecutive runs of aqueous solutions of C-

dots (10 mg/mL) introduced at pressure of 10 mbar for 5 s. Run buffer is tris-acetate 

(100 mM, pH 8.4). Electropherograms were offset (only on y-axis) for clarity and ease 

of comparison. The migration time and peak areas of peaks labeled with asterisks (the 

major C-dot peak) were used for reproducibility evaluation. 

 

 

Table 2.1 The RSDs of migration time and peak area of starred C-dot peaks obtained 

in Figure 2.2. 

 

 

2.4.3 Calibration curve for CE analysis of C-dots 
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 Samples of C-dot stock solutions (after dialysis purification) were filtered 

through 0.22 µm membrane discs and dried, and stock solution concentration was then 

determined by weighing. C-dot stock solutions were diluted with water to yield samples 

of various concentrations (0.5, 2.5, 5 and 10 mg/mL), which were then analyzed using 

the fast CE method established above.  Each sample was analyzed 5 times; run time in 

each instance was less than 10 minutes. Since the absorbance of C-dots at 240 nm was 

much higher than that at 350 nm, the peak areas for the principal component (peaks 

with asterisks, Figure 2.3) at 240 nm were plotted against their sample concentrations. 

A linear regression calibration curve, with a slope of 10.714 and intercept of 0.4275, 

was obtained, with an R-squared value of 0.9989 (Figure 2.3 inset). The linear range 

was from 0 to 10 mg/mL. A C-dot sample of 15 mg/mL was also analyzed, though its 

peak area fell outside of the linear range. The detection limit was 0.424 mg/mL, 

calculated as three times the standard deviation of the average peak area for the 0.5 

mg/mL C-dot sample, divided by the slope of the calibration curve16. This calibration 

curve was then used to quickly determine concentrations of C-dots for subsequent 

antibody biolabeling reactions.    
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Figure 2.3. Electropherograms for aqueous solutions of C-dots, with concentrations of 

0, 0.5, 2.5, 5 and 10 mg/mL (bare silica capillary: effective length 38.5 cm, total length 

47 cm; I.D. 74 μm; Injection 10 mbar for 5 s; Positive 20 kV; working buffer tris-

acetate (100 mM, pH 8.4)). Electropherograms were offset at both x- and y- axis for 

clarity and ease of comparison. Inset: the calibration curve between peak areas and 

concentrations of C-dots: peak area = 10.714 * concentration of C-dots (mg/mL) + 

0.4275; R2=0.9989 (n=5). 

 

2.4.4 CE analysis of C-dot-antibody bioconjugates 

 C-dots were directly applied as highly fluorescent biolabels to antibodies. The 

amine functional groups of the C-dots were linked with the bioactive proteins through 

a homofunctional crosslinker, glutaraldehyde. The C-dot labeled antibodies were 

successfully applied to wellplate based sandwich immunoassays for alpha-Fetoprotein 

(AFP) in our previous work6. CE provides a convenient tool not just for rapid 

quantitation of C-dots but also for characterization of bioconjugate products. After 

glutaraldehyde crosslinking, dialysis was carried out to remove excess glutaraldehyde.  
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The C-dot labeled anti-AFP was then analyzed by CE using the method described 

above.  

 C-dot labeled anti-AFP (CD-anti-AFP, red line Figure 2.4) exhibited one main 

peak at 7.113 min. This migration time was in-between that of anti-AFP (6.131 min, 

green line Figure 2.4) and unlabeled C-dots (10.573 min, orange line Figure 2.4). The 

conjugated CD-anti-AFP carried a more substantial negative charge than the unlabeled 

anti-AFP arising from the attached, negatively charged C-dots. The increased negative 

charge on the conjugate was the main causative factor in the shift of migration to a 

longer time in this case, since both the CD-anti-AFP and the anti-AFP have similar 

sizes. However, compared to the un-functionalized C-dots, CD-anti-AFP conjugates 

have a much larger size; therefore, CD-anti-AFP had a shorter migration time than that 

of the C-dots, though both analytes carried negative charges.  

 To demonstrate that C-dot labeled anti-AFP was a new product produced from 

the conjugation reaction, this conjugate CD-anti-AFP was mixed with unlabeled anti-

AFP in an 1:1 (v:v) ratio. Two peaks showed up in the electropherogram (blue line 

Figure 2.4) for this mixture: a peak at 6.241 min matched that of anti-AFP; the other 

peak at 7.281 min matched that of CD-anti-AFP. Minimal unreacted glutaraldehyde 

retained in the conjugate sample after ultra-filtration purification, as evidenced by 

comparing the electropherogram for the CD-anti-AFP (red line Figure 2.4). with that 

for glutaraldehyde (5.278 min, purple line Figure 2.4). 
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Figure 2.4. Electropherograms of components in C-dot and antibody conjugation 

reactions using glutaraldehyde (bare silica capillary: effective length 38.5 cm, total 

length 47 cm; I.D. 74 μm; Injection 10 mbar for 5 s; Positive 12 kV; working buffer 

tris-acetate (100 mM, pH 8.4)). From top down: electropherograms of glutaraldehyde, 

C-dots, unlabeled anti-AFP, C-dot labeled anti-AFP, and a mixture of unlabeled and 

C-dot labeled anti-AFPs at 1:1 (v:v) ratio. Electropherograms were offset (only on y-

axis) for clarity and ease of comparison. 

 

2.4.5 Optimization of antibody concentration in conjugation reactions via CE 

 The nanoliter sample size required by CE makes it a convenient tool for 

bioconjugation optimization. CE was applied to optimization of C-dot labeling of 

antibodies. The optimum concentration of antibody in the conjugation reaction was 

evaluated. Reaction mixtures (before purification) were directly analyzed by CE. The 

percentage of C-dot-anti-AFP conjugate in the mixture (E %) was calculated using the 

following formula12: 

      (2.1) 
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where 𝐴𝑐𝑜𝑛𝑗 and 𝐴𝑓𝑟𝑒𝑒 expressed the peak areas of the C-dot-anti-AFP conjugate and 

the free C-dots, and  𝑡𝑐𝑜𝑛𝑗 and 𝑡𝑓𝑟𝑒𝑒 were the migration times of the C-dot-anti-AFP 

conjugate and the free C-dots respectively. The absorption channel at 214 nm was used 

in the Equation 2.1 adopted from Huang et al.12, which is tenable so long as the 

absorptivity of the C-dot-anti-AFP conjugate and free C-dots at 214 nm have no 

significant difference. The percentage of C-dot-anti-AFP conjugate increased rapidly 

as more anti-AFP was added into the reaction mixture (from 0.03 to 0.14 mg/mL, 

Figure 2.5). The growth trend slowed down when more than 0.14 mg/mL of anti-AFP 

was added in the reaction (Figure 2.5, b). Therefore, in order to both maintain high 

labeling efficiency and preserve expensive antibody reagent, 0.14 mg/mL was 

determined to be the optimum concentration of anti-AFP in the C-dot conjugation 

reaction.  
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Figure 2.5. a. capillary electrophoretic optimization of anti-AFP labeling of C-dots. 

Various concentrations of anti-AFP were labeled with C-dots. Reaction mixtures were 

analyzed using CE. b. the percentage of C-dot-anti-AFP conjugate in the mixture 

(conjugation efficiency, E%) was calculated and plotted against concentrations of anti-

AFP added into the reactions. 

2.5 Conclusions 

 In summary, a rapid CE method has been developed for C-dot separation and 

quantitation. As-synthesized, C-dots, obtained by hydrothermal treatment of CA and 

EDA, exhibited high quantum yield (>90%). The composition and concentration of C-

dots in the final crude or purified product is difficult to be determined through 

absorption and fluorescence measurement, where an averaged property of C-dot 

species is obtained and self-quenching effect is also an issue. Drying and weighing, on 

the other hand, is both time-consuming and reagent-consuming. In this paper, CE was 

applied as an alternative means to determine both the composition and the quantity of 

C-dots. By increasing the pH of running buffer, the migration time of C-dots decreased 

as the electroosmotic flow mobility increased. With our CE method using basic tris-
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acetate working buffer, the analysis of each sample can be achieved within 10 minutes. 

Consecutive analyses of C-dot samples under 10 mg/mL demonstrated the great 

reliability of this approach.  Also, a calibration curve was established between peak 

areas and concentrations of C-dots with good linearity, which was then used for C-dot 

quantification in their conjugation reactions.  

 CE was also applied to separate and characterize C-dot labeling of antibodies. 

Glutaraldehyde, in this case, was used as the crosslinker between C-dot and antibody. 

With our CE method, all of the components (glutaraldehyde, unlabeled antibody, C-

dot, C-dot labelled antibody) can be baseline separated. Also, a new product, which 

migrated between the unlabeled antibody and C-dots in the electropherogram, was 

identified to be C-dot labeled antibodies. This CE method was then applied to optimize 

the amount of antibody added into the conjugation reaction; an approach that has great 

potential to be applied to other C-dot biomolecule labeling reactions.    
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CHAPTER 3 

DEVELOPMENT OF A CARBON DOT (C-DOT) LINKED IMMUNOSORBENT 

ASSAY FOR THE DETECTION OF HUMAN α-FETOPROTEIN 

2 3.  

3.1 Abstract  

 A sensitive, selective, environmentally friendly, high-throughput, well-plate 

based immunosorbent assay was developed to detect human α-fetoprotein (AFP) using 

carbon nanodots (C-dots). Highly fluorescent C-dots were synthesized using a one-step 

hydrothermal reaction, with citric acid serving as the carbon source and ethylene 

diamine acting as the nitrogen source. The reaction conditions were optimized to obtain 

the desired surface functionality. Then, the C-dots were used to label one member of 

the anti-AFP pair (Ab2) via amine-amine coupling using glutaraldehyde. The capture 

anti-AFP (Ab1) was coated onto polystyrene well plates and bovine serum albumin 

(BSA) was used to block unsaturated binding sites. AFP was incubated in Ab1-coated 

wells; unbound AFP was then washed away with Tween-20. Next, the C-dot-labeled 

Ab2 was added to form a sandwich immunocomplex with the AFP bound to the Ab1-

coated wells. The fluorescence intensities detected from the C-dots on these sandwich 

immunocomplexes were positively correlated to the concentrations of AFP antigen. A 

five-parameter logistic regression calibration curve was established between 

fluorescence and clinically important AFP concentrations (range: 0-350 ng/mL with a 

correlation coefficient of R2 = 0.995). The results from the C-dot-based immunoassay 

were in agreement with results from traditional immunoassays, which used horseradish 

peroxidase (HRP, R2 = 0.964) and fluorescein isothiocyanate (FITC, R2 = 0.973) as 
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biolabels. These results indicated that C-dots have great potential to be applied as 

biolabels for high-throughput well-plate-based immunoassays.   

3.2 Keywords         

 Carbon dot; Sandwich immunoassay; Fluorescence; α-fetoprotein  

3.3 Introduction        

 The fluorescent carbon dot (C-dot), utilized as a nascent “nanolight”, has  been 

the focus of much attention recently, because of its favorable attributes, relative to 

organic fluorophores and traditional heavy-metal-based semiconductor nanocrystals. 

Organic fluorophores offer the advantages of high-fluorescence quantum yield (QY), 

small size, and wide commercial availability. However, organic fluorophores are 

vulnerable to photobleaching. For this reason, CdSe and CdTe quantum dots have been 

researched in recent decades, because of their highly tunable fluorescence properties 

and increased photostability. However, synthesis and storage of these traditional 

quantum dots is cumbersome. In addition, the toxicity of heavy metals limits their use 

in biological applications. C-dots are considered to be organic quantum dots (QDs), 

since they combine several favorable advantages of traditional QDs with a non-toxic, 

simple and inexpensive synthetic routes. C-dots have demonstrated high and stable 

photoluminescence (QY as high as 94%1), excellent water dispersibility, high 

resistance to photobleaching, good biocompatibility and low toxicity2-4. These 

properties make C-dots sensitive and cost-effective candidates for fluorescent biolabels.  

 C-dots can be synthesized in a variety of manners, including electrochemical 

exfoliation5-8, microwave treatment9-12 and strong acid oxidation13-15. They can be 
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synthesized from a wide range of different precursors, including unusual starting 

materials such as soot16 and orange juice17. However, a single-step hydrothermal 

reaction, in our opinion, is the simplest method for obtaining highly fluorescent C-

dots1,15,18.   

 Most work on C-dots has been focused on synthesis, with subsequent 

exploration of fluorescence mechanisms. C-dots have been successfully applied to 

cellular imaging14, 19-21 by taking advantage of the good biocompatibility and low 

toxicity of these novel labels. Other applications have targeted ion detection22-25 by 

specific quenching of C-dots through different mechanisms. Two homogenous 

(solution-phase) immunoassays have been developed based on C-dots. In one, an 

aptamer was labeled with C-dots to detect Salmonella typhomurium with a detection 

limit of 50 cfu/mL26. In another, anti-IgG was labeled with C-dots to detect human IgG 

with a detection limit of 0.01 µg/mL27.  α-Fetoprotein (AFP) is an important clinical 

tumor marker28,29 and a widely used immunoassay model with established, 

commercially available antibody pairs. A variety of methods have been developed 

using the AFP model, including chemiluminescence immunoassay (linear range 0.1–

5.0 ng/mL, R = 0.9997)30, surface plasmon coupled fluorescence (linear response = 

2.33–143.74 ng/mL)31, integrated fluorescence microfluidic device (∼1 ng/mL 

level)32 and laser-induced fluorescence (0.005–1.0 ng/mL)33. Here, we have developed 

a C-dot-based heterogeneous (solid-phase) sandwich immunoassay on well plates to 

detect the protein biomarker, AFP. This application, to the best of our knowledge, is 

the first example of a C-dot linked immunosorbent (solid-phase) assay. 
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 A hydrothermal reaction for carbon dot synthesis using citric acid and ethylene 

diamine serving as the carbon and nitrogen sources has been reported1. The synthesis 

route used here was optimized to obtain the best surface functionality for protein 

labeling. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) was conducted to characterize the C-dots. For the immunoassay, the carbon dot 

was conjugated to the label anti-AFP (Ab2) by crosslinking with glutaraldehyde.  The 

capture anti-AFP (Ab1) was coated onto a polystyrene well plate. Sandwich 

immunocomplexes were formed on well plates between the capture and label anti-AFP 

pairs by adding AFP antigen. After washing off the unbound C-dot labeled anti-AFPs, 

the fluorescence signal was collected from the dry well plates. The fluorescence 

intensities of C-dot immunocomplexes were positively correlated to AFP 

concentrations. A calibration curve was then established between fluorescence 

intensity and AFP concentration in the clinically important range of 0-350 ng/mL. 

These results demonstrated that carbon dot linked immunosorbent assays have great 

potential in clinical diagnostic applications. 

3.4 Experimental        

3.4.1 Materials and methods 

 Anhydrous citric acid (enzyme grade, 99.5%), horseradish peroxidase (reagent 

grade, RZ1.0) and fluorescein isothiocyanate (FITC) were purchased from Thermo 

Fisher Scientific (Waltham, MA). Ethylenediamine (SigmaUltra) and Glutaraldehyde 

(Grade 1, 50% aqueous solution) were purchased from Sigma (St. Louis, MO). Quinine 

sulfate dihydrate (99%) was purchased from Fluka (Ronkonkoma, NY). Other 
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chemicals were all of analytical grade and used as received. Mouse derived anti-human 

antibody pairs for AFP and human AFP antigen were purchased from BiosPacific 

(Emeryville, CA). Biotech CE Tubing (MWCO 100-500 Da; 100 kD) for dialysis was 

purchased from Spectrum Labs (Rancho Dominguez, CA). Nanosep® centrifugal 

devices were purchased from Pall Corporation (Port Washington, NY) and Millipore 

(Billerica, MA). Polystyrene 96 well plates or strips (high binding, black or clear, 

sterilized) were purchased from Greiner (Monroe, NC).  

3.4.2 Synthesis of C-dots 

 C-dots were synthesized using a procedure modified from a reported method1. 

In detail, citric acid (CA, 0.42 g) and ethylene diamine (EDA, 530 µL) (molar ratio CA: 

EDA=1:4) were first dissolved in 10 ml of ultrapure water. The solution was then 

transferred to a 50 ml Teflon hydrothermal reactor (Zhengzhou Greatwall Scientific 

Industrial and Trade Co., Ltd, Zhengzhou, China) and heated in an oven at 180°C for 

4-5 hours. The reaction was slowly cooled to room temperature and the resulting 

solution was recovered from the reactor. The crude carbon dot solution was dialyzed 

with ultrapure water for 2-3 days using Biotech CE tubing with MWCO 100-500 Da. 

The concentration of the purified C-dots was determined by weighing the dried samples 

of C-dots. Aqueous C-dot solutions were stored under dark conditions at room 

temperature. 

3.4.3 Capillary electrophoretic separation of C-dots 

 Capillary electrophoretic (CE) characterization was conducted to determine the 

purity of the synthesized C-dots after dialysis against water. A Hewlett Packard 3D 

capillary electrophoresis system (Agilent Technologies, Santa Clara, CA) was used for 



51 

 

CE analysis. Bare silica capillaries were purchased from Polymicro Technologies 

(Phoenix, AZ). The bare silica capillary was 50 cm in total length, 40 cm in effective 

length with an inner diameter of 74 µm. Each new capillary was etched with 1 M NaOH 

and with 0.1 M NaOH for 30 minutes each. The capillary was then flushed with water 

and working buffer for 30 min each. Between-run preconditioning consisted of flushing 

with water for 2 minutes, 1 M NaOH for 2 minutes, then water and working buffer for 

2 minutes each.  The working buffer was tris-acetate (100 mM, pH 8.32). The samples 

were injected at 25 mbar pressure for 5 seconds. The analysis was carried out by 

applying a positive voltage of 13 kV. Dimethylformamide (DMF) was used as a neutral 

standard and it was run under the same CE conditions as listed above. Detection 

wavelengths were 350 nm for the C-dots and 234 nm for DMF.  Each run was repeated 

multiple times to ensure reproducibility.  

3.4.4 UV-VIS absorbance, fluorescence spectra and quantum yield of C-dots  

 A Hewlett Packard 8453 UV-Vis absorbance spectrometer (Agilent 

Technologies, Santa Clara, CA) and a SpectraMax Gemini XS microplate fluorimeter 

(Molecular Devices, Sunnyvale, CA) were used for optical characterization and 

measurements.  Absorbance spectra (200-1100 nm) and fluorescence spectra (fixed 

excitation at 350 nm, scanned emission spectra from 390 nm to 520 nm with 

incremental steps of 1 nm) of the C-dots were obtained for appropriately diluted 

solutions. Aqueous quinine sulfate solution in 0.1 M sulfuric acid (QY=0.54) was 

chosen as a standard for quantum yield (QY) determination of the C-dots. To minimize 

reabsorption effects, absorbance values of all standard and sample solutions were kept 

below 0.10. Integrated fluorescence was measured under the curve between 390 nm 
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and 520 nm, with excitation wavelength fixed at 350 nm. QYs were determined 

according to Eq.111, 12 below: 

𝑌𝑢 = 𝑌𝑠  ×  
𝐹𝑢

𝐹𝑠
×

𝐴𝑠

𝐴𝑢
×

𝑅𝑢
2

𝑅𝑠
2           (3.1) 

where Y represents quantum yield for the unknown (Yu) and standard (Ys), and F 

represents the measured integrated fluorescence intensities of the unknown (Fu) and 

standard (Fs). Absorbance readings A, of the unknown (Au) and standard (As) were 

values collected at 350 nm. R is the refractive index of the unknown (Ru) and standard 

(Rs). Since both the standards and unknowns were diluted aqueous solutions, Ru and Rs 

were equal. 

3.4.5 Scanning transmission electron microscopy (STEM) imaging of C-dots 

 An FEI TITAN 80-200 scanning transmission electron microscope 

(TEM/STEM) (Hillsboro, OR) was used for morphology characterization of C-dots. 

TEM silicon nitride SMART Grids™ were purchased from Dune Sciences (Eugene, 

OR). A dilute C-dot stock solution was deposited onto the grid for subsequent STEM 

imaging (80 kV). Samples were dried in a vacuum oven at 40 °C overnight prior to 

imaging. Imaging conditions were as listed in the figures. 

3.4.6 FT-IR spectra of C-dots 

 A Nicolet 6700 FT-IR Spectrometer equipped with an ATR attachment 

(Thermo Fisher Scientific, Waltham, MA) was used for IR characterization of C-dots.  

FT-IR results were obtained by directly analyzing the dried C-dots with the ATR 

attachment. Sodium citrate dihydrate was utilized as a standard to calibrate the FT-IR 

instrument.  
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3.4.7 C-dot labeled anti-AFP (Ab2) 

 A purified C-dot stock solution (3040 µL, 172.6 mg/mL) was mixed with 560 

µL of sodium bicarbonate buffer (500 mM, pH 9.5). 5% (w/v) glutaraldehyde stock 

solutions were prepared by diluting the 50% (w/v) glutaraldehyde 10-fold with 

ultrapure water. These were stored at -20 °C prior to use. Two hundred microliters (200 

µL) of this diluted glutaraldehyde was added dropwise into the C-dot solution while 

stirring. The C-dot/glutaraldehyde mixture was then stirred at room temperature for 1 

h. Next, 200 µL of 2.7 mg/ml of anti-AFP in phosphate buffered saline (PBS, 100 mM 

sodium phosphate, 150 mM NaCl, pH 7.4) was added dropwise into the reaction with 

stirring. This conjugation reaction was continuously stirred at room temperature for 1 

hour before it was transferred to an ice bath.  Eight hundred microliters (800 µL) of 

freshly prepared 20 mg/mL sodium borohydride was then added dropwise to the 

reaction with stirring in an ice bath. The reduction reaction was maintained at 4 °C 

overnight. C-dot labeled anti-AFP was isolated by dialysis against 1×PBS (10 mM PBS) 

for 2 days to remove the excess C-dots and salts with several buffer changes. 

Alternatively, centrifugal spin columns (30 kD or 50 kD MWCO) were used for this 

purpose with washing several times with 100 mM PBS buffer. The C-dot-labeled anti-

AFP solution was diluted to 1 mg/mL and stored at 4 °C under dark conditions prior to 

use.   

3.4.8 Anti-AFP (Ab1)-coated well plates 

 A 10 µg/mL capture anti-AFP (Ab1) solution was prepared in 1×PBS buffer 

with 0.02% (w/v) NaN3. One hundred microliters (100 µL) of this coating solution was 

added to each well on the plate, sealed, and incubated at room temperature for 24-30 h. 
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After incubation, the plates were drained and quickly tapped dry on a clean paper towel. 

BSA was dissolved in Tris-HCl buffer (10 mg/ml) to make the blocking solution, and 

200 µL of this blocking solution was added to each well, sealed and incubated at room 

temperature for 24 hours. The excess blocking solution then was discarded. The 

modified, blocked well plates were dried in a vacuum oven at room temperature for 2 

days before they were vacuum sealed and stored at 4 °C in individual aluminum foil 

bags with a desiccant. 

3.4.9  Novel fluorescent C-dot linked immunosorbent assay (CLISA)  

          C-dot labeled anti-AFP was diluted to 125 µg/mL with 100 mM PBS. Stock 

antigen AFP solutions were diluted with BSA blocking solution into various 

concentrations in the 0-350 ng/mL range. The CLISA assay process is depicted in 

Figure 3.1, presented at the end of this section.  

          Antigen Capture: fifty microliter (50 µL) aliquots of AFP solutions of various 

concentrations were added into each coated well and incubated on a shaker (100 rpm) 

at room temperature for 1 hour. The plate was drained, washed once with 200 µL of 

washing buffer (0.05% Tween-20 in 100 mM PBS) and then tapped dry on a clean 

paper towel.  

          Antibody Labeling: one hundred microliter (100 µL) of C-dot-labeled anti-AFP 

(Ab2) was added to each well and incubated on a shaker (100 rpm) at room temperature 

for 1 h. The plates were drained, washed once with washing buffer, and tapped dry.  

          Signal Collection: fluorescence signals from the sandwich immunocomplexes 

were read (excitation at 350 nm, emission at 440 nm) directly from these dry 96-well 
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plates in endpoint assay format. The relative increase in fluorescence signals were 

compared to a blank (PBS without AFP), and plotted against the concentrations of AFP. 

3.4.10  Comparative colorimetric enzyme-linked immunosorbent assay (ELISA) 

          Horseradish peroxidase (HRP) was linked to anti-AFP on the sugar chain of IgG, 

using a procedure slightly modified from that reported by Hermanson34.  Five 

milligrams (5 mg) of HRP was dissolved in 1.2 mL of water. Then, 300 µL of freshly 

prepared 0.1 M NaIO4 (prepared in 10 mM sodium phosphate buffer, pH 7.0) was 

subsequently added dropwise into the HRP solution while stirring. The solution 

changed color from pale brown to pale green. This oxidization reaction was maintained 

at room temperature for 20 min before oxidized HRP was buffer-exchanged into 

sodium acetate buffer (1 mM, pH 4.5), using centrifugal spin columns (MWCO, 3 kD). 

Oxidized HRP was added dropwise into 1 mL of anti-AFP (Ab2, 3.6 mg/mL) solution 

(previously buffer-exchanged into sodium bicarbonate buffer; 20 mM, pH 9.5).  The 

conjugation reaction was stirred at room temperature for 2 h. Next, the Schiff’s base 

was reduced via the dropwise addition of 100 µL of freshly prepared NaBH4 (4 mg/ml 

in water) while the reaction was stirred in an ice bath. The reduction reaction was kept 

at 4 °C for 2 h before dialysis against 1×PBS for 36 h. The ELISA assay process is 

depicted in Figure 3.1. 

          Twenty microliter (20 µL) aliquots of diluted AFP solutions (0-350 ng/mL in 

BSA blocking buffer) and 100 µL of diluted HRP-Ab2 enzyme conjugate were added 

to each coated well. The plates were shaken for 20 s, then incubated at 37 °C for 30 

min. The plates were drained, wells washed with 200 µL of washing buffer (0.05% 

(w/v) Tween 20 in 100 mM PBS) five times, and 50 µL of solution A (0.02% (w/v) 
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hydrogen peroxide (H2O2) in 0.1 M acetate buffer (pH 5.2)) and 50 µL of solution B 

(TMB (3, 3’, 5, 5’-Tetramethylbenzidine) (0.1 mg/mL) in 0.1 M acetate buffer (pH 5.2)) 

were added to each well. The plate was shaken for 20 s then incubated at room 

temperature for 10 min. The solution developed a blue color. Fifty microliter (50 µL) 

of solution C (0.05 M sulfuric acid) was added to each well to stop the reaction, at 

which point the solution turned yellow. One hundred thirty microliters (130 µL) of 

solution from each well was transferred into a clear 96-well plate and read for 

absorbance at 450 nm. 

3.4.11 Comparative fluorescent FITC linked immunosorbent assay (FLISA) 

          Fifty microliters (50 µL) of 1 mg/ml FITC was dissolved in dimethylsulfoxide 

(DMSO), which was then added dropwise to 1 ml of 3.6 mg/mL anti-AFP in 100 mM 

sodium carbonate buffer (pH 9) while gently stirring. This reaction was kept under dark 

conditions at 4 °C overnight before dialysis against 1×PBS for 36 h. The fluorescent 

FITC-linked immunosorbent assay (FLISA) for determination of AFP was carried out 

following the same procedures as those used for the CLISA assay. The end-point 

fluorescence readings (excitation at 495 nm, emission at 519 nm) were then recorded. 

The FLISA assay process is depicted in Figure 3.1. 
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Figure 3.1. Depictions of the fluorescent carbon dot (C-dot)-linked immunosorbent 

assay (CLISA), colorimetric enzyme-linked immunosorbent assay (ELISA) and 

fluorescent FITC-linked immunosorbent assay (FLISA). Sandwich-type 

immunocomplexes were formed in well plates between the capture anti-AFP (Ab1) and 

labeled anti-AFP (Ab2) after AFP antigen was added. Depending on the types of labels, 

different assays were used to quantitate AFP. Performance of the novel CLISA assay 

was compared to the more conventional ELISA and FLISA. 

 

3.5 Results and discussion 

3.5.1 Capillary electrophoretic analysis of C-dots 

          Dialyzed C-dots were analyzed by capillary electrophoresis. The 

electropherogram in Figure 3.2 shows an analysis of the C-dot sample, compared to 

that of a neutral marker (dimethylformamide, DMF). DMF produced one peak at 5.8 

min while the C-dots produced one main peak at 12.8 min, which indicates the 

relatively uniform size of C-dots and their negative charge at pH 8.32.  
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Figure 3.2. Capillary electropherogram for C-dots. [Condition: bare silica capillary; 

effective length, 40 cm; inner diameter, 74 µm; working buffer, tris-acetate 100 mM 

pH 8.32; positive voltage, 13 kV; pressure injection, 50 mbar for 5 s; wavelengths used 

for detection, 350 nm for C-dots and 234 nm for DMF.] The electropherogram data 

was exported from 3D-CE Chemstation (Agilent Technologies, Santa Clara, CA) and 

plotted in Microsoft Excel (Microsoft, Redmond, Washington).   

 

3.5.2 Optical characterization of C-dots  

          C-dots from hydrothermal treatment were golden yellow in color under white 

light (Figure 3.3, inset a) and exhibited bright blue emission under UV light of 365 nm 

(Figure 3.3, inset b). Absorption spectra for the C-dots showed two obvious bands at 

240 nm and 350 nm (Figure 3.3, blue line). The absorption band between 200 and 270 

nm results from the π→π* transition of aromatic sp2 domains 18, 35. An absorption peak 

centered between 270 nm and 390 nm was observed; this peak is usually associated 
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with the n→π* transition of carbonyl groups36. C-dots exhibited a bright blue color 

when irradiated with a 365 nm UV lamp (Figure 3.3 inset b). The maximum emission 

wavelength for these C-dots was determined to be 440 nm, based on fluorescence 

emission scans in the 390-520 nm range (Figure 3.3, red line; see Figure S3.1 in the 

Supporting Information). The maximum excitation wavelength of the C-dots was 

determined to be 350 nm, as determined via fluorescence excitation scans in the 300-

400 nm range, emission wavelength fixed at 440 nm (see Figure S3.2 in the Supporting 

Information). The synthesized C-dots exhibited excitation-independent emission (see 

Figure S3.3 in the Supporting Information). The quantum yield of this C-dot 

preparation was determined to be 0.99 before dialysis and 0.73 after dialysis (see Table 

S3.1 in the Supporting Information).  

 

 

Figure 3.3. Ultraviolet-visible light (UV-vis) absorption spectrum and fluorescence 

emission spectrum of C-dots. Blue line (right y-axis) is the UV-Vis absorbance 

spectrum for C-dots. Red line (left y-axis) is the fluorescence emission spectrum. 

Emission spectrum was scanned from 390 nm to 520 nm with an excitation wavelength 
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of 350 nm. Inset a shows a photograph of C-dot aqueous solution under white light, 

while inset b shows a photograph of C-dot aqueous solution under 365 nm UV light. 
 

3.5.3 Morphological characterization of C-dots 

          High-resolution TEM (HRTEM) images showed that C-dots were composed of 

dark carbon nuclei surrounded by amorphous carbon (Figure 3.4a). Lattice structures 

were observed at increased magnification focusing on the particle nuclei (Figure 3.4b 

and 3.4c). Selected area electron diffraction (SAED) patterns (Figure 3.4, inset b1 and 

c1) suggested C-dots possess certain crystallinity on the carbon nuclei. Spacing was 

measured to be 0.263-0.264 nm, which was near the in-plane (100) spacing of graphene. 

The C-dot population was bimodal with mostly large particles left after purification by 

dialysis, which was confirmed by the CE electropherogram (Figure 3.2). The two C-

dots shown in Figure 3.4 had diameters of 9.74 nm (Figure 3.4b) and 3.94 nm (Figure 

3.4c), which were representative of the two population modes.  

 

 

Figure 3.4. STEM Images of C-dots (80 kV): (a). STEM image of a C-dot with a 

magnification of 105 K; (b) STEM image focused on the nucleus of the same C-dot in 

panel a with a magnification of 730 000× (inset in panel b shows its selected area 

diffraction (SAED) pattern; the nucleus size was measured to be 9.74 nm); and (c) 

STEM image with a magnification fold of 730 K of another C-dot, which was measured 

to be 3.94 nm (inset c1 shows its SAED pattern). 
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3.5.4 Component characterization of C-dots  

          ATR-FTIR spectra of C-dots showed vibrational stretching of O-H, N-H and 

C=O bonds, as well as bending of N-H bonds (Figure 3.5), which likely originate from 

surface functional groups on the C-dots such as -OH, -C=O and -NH groups. These 

surface functional groups were exploited to enable direct coupling to antibodies.  

 

 

Figure 3.5. Component characterization of C-dots by attenuated total reflectance – 

Fourier transform infrared (ATR-FTIR) analysis. Dried C-dots were directly applied to 

the crystal and IR spectra were collected in the 4000-500 cm-1 range. Sodium citrate 

dihydrate was used for instrument calibration (black line). Transmittance is shown in 

the figure.  

 

3.5.5 Anti-AFP labeling of C-dots  

          C-dots were conjugated to anti-AFP via an amine-amine coupling using 

glutaraldehyde. Primary amine groups on the antibodies were cross-linked to amine 

groups on the C-dots. The linkages were then stabilized by reduction using sodium 

borohydride (Figure 3.6a). Excess cross-linkers and reducing agents were removed by 
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dialysis of the resulting product against 1×PBS buffer. Anti-AFP labeled with C-dots 

was scanned to determine the maximum emission wavelength, with excitation 

wavelength fixed at 350 nm. The labeled anti-AFP showed a red-shifted emission peak 

at 460 nm (Figure 3.6b), compared to the original maximum emission wavelength of 

440 nm for the C-dots. This red shift may be caused by a quantum effect: the increased 

size of functionalized C-dots compared to nonfunctionalized C-dots. This observation 

suggested the successful labeling of antibodies with C-dots37, 38.  

 

 

Figure 3.6. C-dot-labeled anti-AFP: (a) coupling reaction scheme (glutaraldehyde 

functions as a homobifunctional cross-linker between two primary amines; the 

intermediate compound was reduced by sodium borohydride); (b) emission spectrum 

of C-dot-labeled anti-AFP, showing a maximum emission red-shifted by ~ 20 nm.  

 

3.5.6 Fluorescent C-dot-linked immunosorbent assay for AFP 

          A fluorescent C-dot-linked immunosorbent sandwich assay was developed for 

the determination of the protein biomarker AFP (Figure 3.1). Nonspecific attached 
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antibodies were removed by washing with Tween-20. End-point fluorescence 

intensities were collected at a maximum emission of 440 nm with an excitation 

wavelength of 350 nm. Fluorescence signals positively correlated to the amount of 

added antigen. For immunoassays, linear (log-log), quadratic, and four- or five- 

parametric logistic models are commonly used for calibration curve fitting39. Among 

these models, a four- or five- parametric logistic regression is superior to the linear, 

quadratic or log-log linear models for most immunoassays 39. Therefore, a five-

parameter logistic regression was carried out with the Excel add-in software XLSTAT 

(Addinsoft, Paris, France) to establish the correlation curve between the fluorescence 

signal and AFP concentrations (Figure 3.7) for the established CLISA assay. The R2 

value of this regression was 0.995 within the clinically relevant range of 0-350 ng/mL 

for AFP (Figure 3.7).  
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Figure 3.7. C-dot-linked immunosorbent assay (CLISA) for determination of AFP.  

Eight different concentrations of human AFP antigen were added to coated plates for 

incubation. C-dot-labeled secondary anti-AFPs were added to react with human AFP, 

resulting in sandwich immunocomplexes. Fluorescence intensities in these 

immunocomplexes were plotted to the AFP concentrations. 

 

3.5.7 CLISA compared to ELISA and FLISA   

          The developed C-dot-linked immunosorbent assay (CLISA) was compared to the 

two traditional high-throughput well-plate-based assays---a colorimetric enzyme-

linked immunosorbent assay (ELISA) and a fluorescent FITC-linked immunosorbent 

assay (FLISA) --- for quantitative determination of AFP. The same statistical model 

was applied to both assays, with R2 values of >0.999 for ELISA (Figure 3.8a) and 

FLISA (Figure 3.8b). Eight samples with various AFP concentrations (0-350 ng/mL) 

were tested. The corresponding absorbance readings of ELISA and fluorescence 

readings of FLISA were used to evaluate the performance of the new CLISA assay. As 

shown in Figure 3.9, signals obtained from fluorescent CLISA and colorimetric ELISA 

had a linear correlation with an R2 value of 0.964. The signal amplification inherent to 

ELISA pushes the measured signal into a region of greater signal-to-noise ratio (S/N), 

enhancing reproducibility. When compared to fluorescent FLISA, it was evident that 

CLISA signals also had a strong correlation (R2 = 0.973). These results demonstrated 

that CLISA signals from the same set of AFP samples were in agreement with 

florescence signals from a commercial fluorophore-based sandwich immunoassay or 

an enzyme-based sandwich immunoassay.  
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Figure 3.8. Colorimetric enzyme-linked immunosorbent assay (ELISA) and 

fluorescent FITC-linked immunosorbent assay (FLISA) for quantitative determination 

of AFP: (a). five-parametric logistic regression of absorbance to AFP concentrations in 

ELISA. (b). five-parametric logistic regression of fluorescence to AFP concentrations 

in FLISA. 
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Figure 3.9. (a) Fluorescence signals obtained from CLISA were compared to 

absorbance signals from ELISA. (b) Fluorescence signals obtained from CLISA were 

compared to those for FLISA. In both instances, the novel CLISA assay compares 

favorably to the more traditional assays.   
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3.6 Conclusions 

          A high-throughput well-plate-based sandwich immunoassay was developed for 

the determination of human α-fetoprotein by applying nascent “nanolight carbon 

nanodots (C-dots)” for the first time to solid-phase immunoassay. The highly 

fluorescent C-dots were synthesized with a quantum yield of 0.99. These were then 

directly used for labeling antibodies via amine-amine conjugations. Sandwich 

immunoassay format was utilized to determine human AFP with capture and label anti-

AFP pairs. C-dots provided highly stable fluorescence signal corresponding to the 

human AFP target. The established method generated fluorescence signal that 

correlated to AFP concentrations in the clinically relevant range of 0-350 ng/mL. The 

established C-dot-linked immunosorbent assay (CLISA) method was compared to two 

more-traditional high-throughput immunosorbent assays (fluorescent FITC-linked 

immunosorbent assay (FLISA) and colorimetric enzyme-linked immunosorbent assay 

(ELISA)) and exhibited a strong, positive correlation. Thus, the highly fluorescent, 

photostable (see Figure S3.4 in the Supporting Information), nontoxic and 

biocompatible C-dots have great potential to be used as biolabels in immunosorbent 

assays. The outstanding photostability of C-dots could potentially increase the 

reproducibility of fluorescent immunosorbent assays while maintaining their wide 

quantitative ranges. The challenge remains in increasing the labeling efficiency. 

Overall, C-dots can offer high sensitivity and low cost, and have great potential to be 

applied to medical diagnostics, forensics, therapeutic monitoring, environmental 

analysis, food safety monitoring and biodefense. 
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3.7 Supporting Information 

          Spectral characteristics of C-dots are provided as Supporting Information.  

 

 

 

Figure S3.1. Fluorescence emission scan of C-dots. EDA and CA (molar ratio of 4) 

mixtures dissolved in 10 ml aqueous solutions were heated hydrothermally at 180 °C 

for 2, 4, 8 and 12 hours to obtain C-dots. Fluorescence properties of these C-dots were 

characterized by scanning 200 µL of each solution, which were all diluted 10,000 fold 

with water, from 390 to 520 nm when emission wavelength was fixed at 350 nm. 

Ultrapure water was used as blank. 
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Figure S3.2. Fluorescence excitation scan of C-dots. EDA and CA (molar ratio of 4) 

mixtures dissolved in 10 ml aqueous solutions were heated hydrothermally at 180 °C 

for 2, 4, 8 and 12 hours to obtain C-dots. Fluorescence properties of these C-dots were 

characterized by scanning 200 µL of each solution, which were all diluted 10,000 fold 

with water, shifting excitation wavelength from 300 nm to 400 nm when emission 

wavelength was fixed at 440 nm. Ultrapure water was used as a blank. 
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Figure S3.3. Excitation independent fluorescence emission behavior of C-dots. 

Aqueous C-dots solutions were scanned for maximum emission wavelengths at 

excitation wavelengths of 300, 320, 340, 360 and 380 nm. Emission scans were carried 

out in between 390 nm and 520 nm with increment steps of 2 nm.  
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Table S3.1. Quantum yield determination of C-dots 

 

 Quinine 

Sulfate 

C-dots 

(2 hr) 

C-dots 

(4 hr) 

C-dots 

(8 hr) 

C-dots 

(12 hr) 

Abs. 0.061 0.012 0.010 0.025 0.033 

Area 1186714 391336 371935 821449 1098937 

QY 0.540 0.889 0.994 0.916 0.926 

STDEV  0.015 0.027 0.018 0.013 

95% CI  0.037 0.067 0.044 0.032 

Abs: absorbance at 350 nm; Area: integrated area of emission spectra (excitation at 

350 nm, emission scan 390-550 nm); QY: quantum yield; STDEV: standard 

deviation; CI: confidence interval; n=3.   
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Figure S3.4. Photostability of C-dots was compared to FITC. Aqueous C-dots and 

FITC solutions were continuously shined with laser for 40 minutes. The fluorescence 

was monitored with OptiTool FLE1000 fluorescence detector. The decrease of 

fluorescence intensity (F) compared to its original fluorescence intensity (F0) was 

plotted to laser exposure time. 
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CHAPTER 4 

A NOVEL RATIOMETRIC FLUORESCENT IMMUNOASSAY FOR HUMAN 

ALPHA-FETOPROTEIN BASED ON CARBON NANODOT-DOPED SILICA 

NANOPARTICLES AND FLUORESCEIN ISOTHIOCYANATE 

4.1 Abstract 

          The application of fluorescent carbon nanodots (C-dots or CD), non-toxic 

particulate organic labels, to disease biomarker detection is still in its earliest stage of 

development. In the effort described here, a novel ratiometric immunoassay was 

developed to target a model protein disease biomarker, alpha-fetoprotein (AFP), using 

C-dot doped silica nanoparticles (CD-SNPs) and fluorescein isothiocyanate (FITC) as 

signaling agents. Highly fluorescent C-dots were hydrothermally synthesized from 

citric acid and ethylene diamine. The C-dots were then encapsulated in silicate shells 

to yield 45 nm nanoparticles using a novel reverse microemulsion method, enabling 

convenient handling (centrifugation and washing) and straightforward surface 

chemistry modification to facilitate development of bioassays. Capture antibody 

capped CD-SNPs (Ab1-CD-SNPs), together with FITC labeled antibodies (Ab2-FITC) 

constituted a new ratiometric immunosensor for AFP, in which CD-SNPs functioned 

as both solid supports for washing and separation and as built-in reference signaling 

agents to correct for inconsistent environmental effects. A calibration curve was 

established between the ratiometric signal (the ratio of fluorescence signals of FITC 

and C-dots, F/C) and AFP concentration in the range of 0-280 μg/dL, exhibiting a 

useful linear range (0-35 μg/dL, R2 =0.9977), low detection limit (0.317 μg/dL) and 

acceptable recovery (105-120%). This assay format can be applied to a wide range of 

immunoassay targets. Our demonstration of encapsulating low-cost, easily synthesized, 



77 

 

highly-fluorescent C-dots into silica nanoparticles for use in immunoassays will be 

useful in expanding future applications of these carbon nanomaterials to areas such as 

in-vivo cellular imaging, drug delivery, and in-vitro cell labeling and biomolecule 

sensing. 

4.2 Introduction 

          Carbon nanodots (C-dots or CD) have many favorable attributes, including high 

water solubility, low toxicity, stable fluorescent signal output and excellent 

photostability1-3.  For these reasons, they have recently attracted attention given their 

high potential to be applied as agents for cell imaging4-6, drug delivery7-10 and sensing.  

Most of the C-dot sensor work done thus far has focused on inorganic ion detection11, 

including targets such as mercury (Hg2+)12, copper (Cu2+)13, iron (Fe3+)14, silver (Ag+)15, 

lead (Pb2+)16, tin (Sn2+)17, cobalt (Co2+)18, iodide (I-)19 and fluoride (F-)20. Combining 

C-dots with highly specific biorecognition units, especially commercially successful 

antibodies, to monitor important disease biomarkers is also appealing, yet this effort 

remains at a very early stage of development.  

          Alpha-fetoprotein (AFP) was selected as a model analyte in this work. AFP is a 

glycoprotein found in the yolk sac and secreted from the fetal liver in early embryonic 

life, which is later mainly derived from the liver and normally undetectable in healthy 

adults21. Elevated AFP has been associated with chronic hepatitis C, liver cirrhosis, and 

hepatocellular carcinoma depending on racial origins22.  Also, AFP level in pregnancy 

has been recognized as a marker for detection of neural tube defects in the developing 

fetus23. In our previous work, C-dots were directly applied as biolabels on antibodies 

for an immunosorbent assay to detect AFP24. Considering the difficulties inherent to 
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direct modification of the C-dot surface, such as the necessity of compromise between 

optimal photoluminescence and labeling efficiency, alternatives to direct labeling of C-

dots are explored here. 

          Silica cladding is one of the most popular strategies for nanoparticle surface 

modification thanks to the well-studied chemistry of the silicates. Spherical silica 

particles can be synthesized by hydrolysis of a silicon alkoxide, typically TMOS 

(tetramethylorthosilicate) or TEOS (tetraethylorthosilicate), and formation of oxy-

hydroxy-silicate species in a reverse microemulsion (water in oil, “w/o”). Hydrophilic 

species, in the case of our experiments here C-dots, located in the water droplets can 

effectively be encapsulated into the resulting silica nanoparticles. Additionally, a wide 

range of silane reagents are able to self-assemble onto the silica surface, forming Si-O-

Si linkages that in turn provide stable, permanent surface chemistry modifications that 

enable a wide variety of subsequent uses for the modified fine particles.  

          C-dots have been, synthesized using organosilane co-reagents, coated onto silica 

supports, or encapsulated into silica particulates, for cellular imaging25,26 and drug 

delivery27,28. Several attempts, applying various combinations of carbon dots and 

silicates, have been made for application to quantitative analysis. Mao et al.29 

synthesized molecularly imprinted silica nanospheres embedded with carbon dots for 

fluorescent assays of dopamine. Other than that, almost all applications have targeted 

Cu2+ as an analyte, utilizing the fluorescence signal-off quenching effect of Cu2+ on 

carbon dots immobilized on the surface of the silica spheres. Zhu et al.13 hybridized 

carbon dots and an organic copper receptor with silica-coated CdSe/ZnS quantum dots 

for ratiometric cellular imaging of Cu2+.  Liu et al.30 developed a ratiometric nanosensor 
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for Cu2+ by coating carbon dots on the surface of Rhodamine B-doped silica 

nanoparticles, where carbon dots were synthesized from N-(β-aminoethyl)-γ-

aminopropyl methyldimethoxysilane (AEAPMS) producing a quantum yield of 25% 

(quinine sulfate 54%)  and residual surface groups of ethylene diamine and 

methoxysilane serving as Cu2+ recognition units. Lin et al.31 then showed another Cu2+ 

detection method, by producing an aminopropyltriethyoxysilane (APTES) film loaded 

with carbon dots and using the chelation and electrostatic interaction between negative 

N/O atoms and positive Cu2+ to produce signal.   

          In the novel work presented here, highly fluorescent C-dots were synthesized via 

a hydrothermal reaction of citric acid and ethylene diamine. The crude product C-dots 

were then directly encapsulated into a protective silica shell through a reverse 

microemulsion method to generate carbon dot-doped silica nanoparticles (CD-SNPs), 

which were then surface-modified with inert phosphonate groups to maintain a stable 

suspension and functional amine groups for further biomodification purposes. 

Antibodies were loaded onto these CD-SNPs through glutaraldehyde crosslinking 

utilizing the surface amine functionalized CD-SNPs. Capture antibodies on the CD-

SNPs (Ab1-CD-SNP) were allowed to incubate with AFP antigens, which were then 

reacted with Ab2-FITC to form sandwich immunocomplexes. The fluorescence 

emission intensities from both the C-dots and the FITC were measured, ratios of which 

were calculated as analytical signals for AFP quantitation. In this case, CD-SNPs 

provide a separation matrix facilitating washing in the heterogeneous immunoassay and 

a concomitant built-in correction for inconsistency and environmental effects. To the 
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best of our knowledge, this is the very first application involving carbon dot 

encapsulated silica nanoparticles for quantitative immunoassays of protein biomarkers.     

4.3 Experimental 

4.3.1 Reagents and materials 

          Anhydrous citric acid (enzyme grade, 99.5%), fluorescein isothiocyanate (FITC), 

glycerin and dimethyl sulfoxide (DMSO) were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA).  Ethylenediamine, ethanolamine, 1-hexanol, (3-

aminopropyl) trimethoxy silane (APTMS), 3-(trihydroxysilyl) propyl 

methylphosphonate monosodium salt solution (50 wt. % in water, THPMP) and 

glutaraldehyde (Grade 1, 50 % aqueous solution) were purchased from Sigma (St. 

Louis, MO, USA).  UV TracerTM   biotin was purchased from Jena Bioscience (Jena, 

Germany). Cyclohexane was obtained from J. T. Baker (Center Valley, PA, USA).  

Triton X-100 and Amicon® ultra centrifugal filters (MWCO 50 kD) were purchased 

from Millipore (Billerica, MA, USA). Mouse derived anti-human antibody pairs for 

AFP and human AFP antigen were purchased from BiosPacific (Emeryville, CA, USA). 

Float-A-Lyzer® (MWCO 100 kD) were purchased from Spectrum Labs (Rancho 

Dominguez, CA, USA). Polystyrene 96 well plates (medium binding, black, sterilized) 

were purchased from Greiner (Monroe, NC, USA). Other chemicals were all analytical 

grade and used as received. Water from a Milli-Q® Integral Water Purification System 

(Millipore, Billerica, MA, USA) was used for all experiments.  

4.3.2 Preparation of CD-SNPs 
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          C-dots were synthesized from citric acid and ethylene diamine in a hydrothermal 

reaction as described previously24, and were then used directly without further 

purifications. The encapsulation of C-dots into a silica shell was carried out following 

a reverse microemulsion procedure modified from that described by Bottini et al32. Our 

modified procedure is described here in detail (Figure 4.1). All incubations were carried 

out at room temperature unless otherwise stated. A mixture of cyclohexane, n-hexanol 

and Triton X-100 (168 mL of cyclohexane, 40 mL of n-hexanol and 40 mL of Triton 

X-100; 248 mL in total) was stirred for 1 h, generating a nanoemulsion. Then, 8.4 mL 

of Milli-Q® water and 1 mL of TMOS were added to the nanoemulsion, which was 

stirred for an additional hour enabling TMOS to completely infiltrate the water droplets. 

The catalyst, 30% (w/w) aqueous ammonium hydroxide (590 µL), was then added to 

the mixture and stirred for 30 min to enable the pre-hydrolysis and pre-condensation of 

TMOS, before 1 mL of crude C-dot solution was added. The mixture was then stirred 

for 24 h to form the desired CD-SNPs (Figure 4.1, Phase 1), having CDs encapsulated 

into SNPs. For further surface functionalization of the CD-SNPs, another 100 µL of 

TMOS was added. The reaction was stirred for 30 min before APTMS (110 µL) and 

THPMP (110 µL) were added to introduce reactive amine groups and inert phosphonate 

groups. The reaction mixture was stirred for another 24 h to form aminated-CD-SNPs 

(Figure 4.1, Phase 2). Acetone (250 mL) was added into the stirring reaction, and the 

vessel was then removed from the stirring apparatus and the solution was centrifuged 

(4,000 rpm, 10 min) to separate the aminated-CD-SNPs from the microemulsion. The 

aminated-CD-SNPs thus collected were subsequently washed with ethanol and water 
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several times; then suspended in 50 mL of water and stored in darkness. The final 

concentration of purified aminated-CD-SNPs was about 5 mg/mL.   

 

 

 

Figure 4.1. The schematic diagram illustrating synthesis (Phase 1) and surface 

functionalization (Phase 2) of carbon nanodot doped silica nanoparticles (CD-SNPs) 

by reverse (w/o, water in oil) microemulsion encapsulation.   

 

4.3.3 Characterization of CD-SNPs 

4.3.3.1 ATR-FTIR spectroscopy 

 An aliquot of the un-diluted aminated-CD-SNP sample was centrifuged, 

washed with ethanol and dried in a vacuum oven. A second sample consisting of C-

dots alone was also dried in a vacuum oven. The dried aminated-CD-SNP and C-dot 

samples were then directly analyzed using a Nicolet Model 6700 FTIR spectrometer, 

equipped with an attenuated total reflectance (ATR) attachment (Thermo Fisher 

Scientific, Waltham, MA, USA).   

4.3.3.2 Capillary electrophoresis (CE) characterization 
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 Aminated-CD-SNPs were modified with UV-TracerTM biotin to promote UV 

absorbance at 350 nm, which was then analyzed using a Hewlett-Packard (now Agilent 

Technologoeis, Little Falls, DE, USA)  Model 8453 UV-vis absorbance 

spectrometer and a Hewlett-Packard (Agilent Technologoeis, Little Falls, DE, USA) 

3D capillary electrophoresis (CE) system equipped with a diode array UV-Vis detector. 

An aliquot of the aminated-CD-SNP sample was buffer exchanged into 100 mM PBS 

(pH 7.4) and diluted to 0.5 mg/mL. 4 mL of this solution (containing 2 mg of the 

aminated-CD-SNP) was mixed with 2 µL of UV-TracerTM biotin (100 mM in DMSO, 

prepared immediately prior to use). The reaction was incubated at room temperature 

for 2 h on a shaker. The biotinylated aminated-CD-SNPs were then centrifuged and 

washed with PBS several times before UV-Vis spectroscopy and CE characterizations. 

4.3.3.3 Scanning electron microscope (SEM) imaging  

 An aliquot of the aminated-CD-SNP sample was centrifuged and resuspended 

in ethanol (final concentration ca. 0.65 mg/mL). One drop of the suspension was 

directly placed onto a sample stub and dried in an oven. The sample was then sputter 

coated with gold and visualized with a scanning electron microscope (Quanta 600F 

Environmental SEM, FEI Company, Hillsboro, OR, USA) to acquire information on 

particle size and morphology.           

4.3.4 Covalent binding of Ab1 to aminated-CD-SNPs  

 Glutaraldehyde activation: aminated-CD-SNPs (100 mg) were buffer 

exchanged into 100 mM PBS (pH 7.4, final concentration 5 mg/mL) by centrifugation. 
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Glutaraldehyde (E.M. Grade) was added dropwise to the aminated-CD-SNP solution 

with stirring (final concentration 5% by wt.). The glutaraldehyde activation reaction 

was incubated overnight at room temperature with gentle mixing. Protein coupling: 

After centrifugation (6000 rpm, 5 min), activated aminated-CD-SNP was recovered, 

washed three times with PBS, and resuspended into a capture anti-AFP (Ab1) solution 

(3 mg/mL antibody in 100 mM PBS, pH7.4). The protein coupling reaction was gently 

mixed at room temperature for 5 h. Quenching: after centrifugation, the amount of 

protein remaining in the supernatant was determined by UV-Vis spectroscopy to 

facilitate calculation of conjugation efficiency. The Ab1-CD-SNP was recovered and 

resuspended into a quenching solution (3% (v/v) ethanolamine in 100 mM PBS). The 

quenching reaction was mixed for 30 min.  Blocking: the Ab1-CD-SNP was centrifuged 

and resuspended into blocking solution (10 mg/mL BSA in 100 mM PBS) for 30 min. 

Storage: the Ab1-CD-SNP was then separated using centrifugation, resuspended in 10 

mL of storage buffer (100 mM PBS, pH 7.4, containing 10 mg/mL BSA and 5% (v/v) 

glycerol), and stored at 4°C until it was needed for ensuing experiments. 

4.3.5 Preparation of Ab2-FITC 

 Labeling antibody (secondary anti-AFP; Ab2) was buffer exchanged into 

sodium carbonate buffer (1 mg/mL antibody in 100 mM carbonate buffer, pH 9.0) by 

ultrafiltration (MWCO 50 kD). FITC was dissolved in DMSO (1 mg/mL) immediately 

before use, which was then added dropwise to the antibody solution (0.05 mg of FITC 

per 1 mg of antibody). The labeling reaction was stirred at room temperature for 1-2 h. 

The resulting Ab2-FITC was purified by dialysis against 1×PBS (Float-A-Lyzer® G2 
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MWCO 100 kD) for two days with multiple buffer changes. Ab2-FITC was recovered 

and absorbance values (280 nm and 495 nm) were measured using a microvolume 

spectrometer (Eppendorf BioSpectrometer, Eppendorf International, Hamburg, 

Germany). Ultrafiltration (MWCO 50 kD) was utilized as necessary for purposes such 

as further salt removal, buffer exchange and concentration. Ab2-FITC was reconstituted 

to 1 mg/mL (protein concentration determined by absorbance at 280 nm) and stored at 

4 °C until needed for further use.  

4.3.6 Ratiometric detection of AFP 

 The ratiometric immunosensor for AFP (Figure 4.2) consists of Ab1-CD-SNPs 

and Ab2-FITC, where the concentrations of Ab1-CD-SNPs and Ab2-FITC were 6.7 

mg/mL and 0.3 mg/mL respectively, by mixing as-prepared Ab1-CD-SNPs and Ab2-

FITC in a 2-to-1 volume ratio.  Alpha-fetoprotein (AFP) antigen from pooled human 

cord serum source was diluted and aliquoted using the same buffer as that used by the 

manufacturer (10 mM sodium phosphate, 0.85% sodium azide, pH 7.2) with addition 

of 2 mg/mL BSA. The concentration of AFP in the stock solution was determined by 

ELISA using a commercial AFP standard. The AFP aliquots were stored at -20 °C.   

 The AFP ratiometric immunoassay was carried out by incubation of AFP 

samples (10 μL, various concentrations diluted with 10 mM PBS containing 2 mg/mL 

BSA) with the immunosensor (300 μL) on a shaker for 1 h at room temperature. Free 

reaction components were discarded by washing with 100 mM PBS (500 μL) twice 

after centrifugation at 6000 rpm for 10 min. The immunocomplexes formed on the CD-

SNPs were then resuspended in PBS and transferred to a 96-well plate for fluorescence 
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measurements on a SpectraMax Gemini XS microplate fluorimeter (Molecular Devices, 

Sunnyvale, CA, USA). The fluorescence emission intensities from both the FITC (519 

nm) and the C-dots (440 nm) were measured, ratios of which (F/C) were calculated as 

analytical signals for AFP quantitation.  

 

 
 

Figure 4.2. The schematic diagram describing a ratiometric immunosensor based on 

Ab1-CD-SNP and Ab2-FITC. C-dots were encapsulated in a silica shell on which Ab1 

was covalently conjugated via amine groups. Ab1-CD-SNP was then applied to capture 

AFP antigen in the sample, which was then coupled to Ab2-FITC to form a sandwich 

immunocomplex. The fluorescence emission intensities from both the FITC and the C-

dots were measured, ratios of which were calculated as analytical signals for internally 

standardized AFP quantitation.  

 

4.4 Results and discussion 

4.4.1 Synthesis of aminated-CD-SNPs 

 C-dots were previously employed as direct fluorescent biolabels for antibodies 

and applied to a well-plate based immunosorbent assay33. However, the direct 

modification of the C-dot surface was difficult to label efficiently, and care was 

required to avoid the possibility of excessive fluorescence quenching. Therefore, the 
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approach described here sought to encapsulate C-dots in a silica shell and to take 

advantage of the well-developed chemistry of silica for ease-of-surface modifications, 

using a reverse microemulsion method, which usually produces smaller silica 

nanoparticles than the often-used Stöber method. Water was encapsulated into the silica 

shell instead of C-dots to provide a negative control. After washing with ethanol and 

water by centrifugation, bright white silica nanoparticles were obtained for both water-

SNPs and CD-SNPs (Figure 4.3a). Under a 365 nm handheld UV light, the CD-SNPs 

exhibited bright blue emission (Figure 4.3b, right) while water-SNPs did not (Figure 

4.3b, left).  

 The introduction of surface amine groups and phosphonate groups in the second 

phase of synthesis was intended for two purposes: first, surface amine groups were 

utilized as active functional sites for bioconjugation with antibodies; second, the 

introduction of negatively charged inert phosphonate groups was helpful in maintaining 

a higher negative zeta-potential of aminated-CD-SNPs thus a more stable suspension 

in aqueous solution. As-synthesized aminated-CD-SNPs were suspended in water to 

form a homogenous solution (Figure 4.3c and 4.3d, under white and UV light 

respectively), which was stable for at least three days.  
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Figure 4.3. Aminated carbon dot doped silica nanoparticles (aminated-CD-SNPs) 

under white and UV light: water doped silica nanoparticles (a-left; b-left) and carbon 

dot doped silica nanoparticles (a-right; b-right)  under white light (a) and 365 nm UV 

light (b) after centrifugation and with supernatant discarded; aminated-CD-SNPs under 

white light (c) and under UV light (d) when evenly suspended in water. 

 

4.4.2 Characterization of aminated-CD-SNPs 

4.4.2.1 Absorption and fluorescence emission spectra of aminated-CD-SNPs 

 As-synthesized aminated-CD-SNPs do not exhibit any characteristic absorption 

band in the wavelength range from 200 nm to 500 nm (Figure 4.4a), while C-dots have 

characteristic absorption bands at 240 nm and 350 nm. Aminated-CD-SNPs showed 

the highest emission at 440 nm when excited at 350 nm, which shared the same 

maximum emission wavelength as that of free C-dots (Figure 4.4b). 
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Figure 4.4. Absorption and fluorescence emission spectra of aminated-CD-SNPs and 

C-dots. (a). UV-Vis absorption spectra of aminated-CD-SNPs and C-dots (CD). C-dots 

exhibited absorption peaks at 240 nm and 350 nm, while aminated-CD-SNPs have no 

specific absorption peaks in 200-500 nm. (b). fluorescence emission spectra of 

aminated-CD-SNPs and C-dots (CD). Both C-dot (CD) and aminated-CD-SNP 

exhibited the highest emission at 440 nm with excitation at 350 nm. 

 

4.4.2.2 FT-IR spectrum of aminated-CD-SNPs 

 Dried C-dots and aminated-CD-SNPs were analyzed directly by ATR-FTIR. 

Figure 4.5 showed the FT-IR spectra of both C-dots (CD, orange line) and aminated-
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CD-SNPs (blue line). After silica encapsulation, the FT-IR spectra of aminated-CD-

SNPs showed their typical absorption bands between 800 and 1260 cm-1, which have 

been described as a superimposition of various SiO2 peaks, Si-OH bonding, and peaks 

due to residual organic groups34, for example, the absorption bands arising from 

asymmetric stretching vibration of Si-O (1045 cm-1), asymmetric stretching vibration 

of Si-OH (954 cm-1) and symmetric stretching vibration of Si-O (788 cm-1). The band 

at 1647 cm-1 indicated hydroxyl groups. The absorption band at 1557 cm-1 designating 

N-H bending vibrations and peaks at 3500-3250 cm-1 describing N-H stretching 

indicated the existence of amine groups attached to the surfaces of the synthesized silica 

particles.   

 
 

Figure 4.5. ATR-FTIR spectra of dried C-dot (CD, orange) and aminated-CD-SNP 

(blue) samples. 
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4.4.2.3 Capillary electrophoresis of aminated-CD-SNPs 

 As a fast and effective characterization tool for nanoparticles, capillary 

electrophoresis (CE) was utilized here to estimate the size distribution of aminated-CD-

SNPs. Since CD-SNPs do not have specific absorption bands, UV-TracerTM biotin was 

used to label the CD-SNPs, introducing UV absorptive functionalities. The UV-

TracerTM Biotin-NHS ester specifically reacted with primary amines to attach the label. 

The successful introduction of biotin moieties can be observed when comparing the 

absorption spectra of CD-SNPs before and after biotinylation. The absorption peak at 

350 nm showed up in the spectra of biotinylated CD-SNPs (Figure 4.6a). This result 

confirmed the existence of primary amine groups on the CD-SNPs. Biotinylated CD-

SNPs, carrying the 350 nm UV absorption functionalities, were then analyzed by CE. 

 UV-tracerTM biotin has a molecular weight of about 1 kD. However, as 

compared to that of CD-SNPs, whose molecular weight is higher than 5,000 kD for 

nanoparticles that are about 20 nm32, the weight of biotin bound to CD-SNPs was 

almost negligible. In the electropherograms of biotin-CD-SNPs and aminated-CD-

SNPs, a single peak resulted for both samples, with much higher peak height for 

biotinylated-aminated-CD-SNPs at 350 nm (Figure 4.6b, peaks noted with asterisks). 

Also, the migration time of the biotinylated particle peak (6.08 min), compared closely 

to that for the CD-SNP peak (5.97 min). These results suggest a near-homogenous size 

distribution for the as-synthesized CD-SNPs. Also, it is clear that the desired amine 

groups were successfully introduced to the CD-SNPs in the second phase of synthesis, 

as evidenced by the successful UV-TracerTM biotin labelling of primary amines through 
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the -NHS linker. UV-TracerTM biotinylation enabled the capillary electrophoretic 

characterization of aminated-CD-SNPs with UV-Vis detection.    

 

  
 

Figure 4.6.  (a). UV-Vis spectra of aminated-CD-SNPs before and after biotinylation 

with UV-TracerTM biotin. (b). electropherograms of aminated-CD-SNPs and 

biotinylated-aminated-CD-SNPs. CE conditions: bare silica capillary (total length 47 

cm, effective length 38.5 cm, I.D. 74 µm); preconditioning with 1 M NaOH, water and 

working buffer for 2 min each; pressure injection (50 mbar, 5 sec); working buffer 100 

mM tris-acetate pH 8.3; cathodic flow with voltage of 12 kV.     

 

4.4.2.4 SEM imaging of aminated-CD-SNPs 
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 The typical SEM images of aminated-CD-SNPs are shown in Figure 4.7. As 

can be seen from the images, the particles are spherical with diameters of 44.7 ± 1.7 

nm (n=9). Figure 4.7b shows the diameters of nine typical nanoparticles. It should be 

noted that these silica nanoparticles were not directly sampled from the reaction 

solution but prepared by centrifugation of an aqueous aminated-CD-SNP stock solution 

and resuspended into ethanol by vortex mixing prior to preparation of the sample for 

imaging. Aggregation was observed for samples prepared in this way. Another sample 

of succinic anhydride treated aminated-CD-SNPs (which converted the amine groups 

into carboxyl groups to yield carboxylated-CD-SNPs) was visualized with SEM as well 

(data not shown). Decreased aggregation was seen with these carboxylated particles, 

which were prepared for analysis using the same basic approach; the average size of 

these carboxylated-CD-SNPs was 27.2 ± 1.9 nm (n=10). By controlling the surface 

functionalities in the second phase of the microemulsion synthesis - for example, ratios 

of APTMS to THPMP - and further conversion of amines into carboxyls, synthesis of 

CD-SNPs with various sizes was therefore shown to be feasible. 

 
 

 

Figure 4.7. SEM images of aminated-CD-SNPs. The scale bars are 2 μm (a) and 500 

nm (b). The particles were prepared from the aqueous aminated-CD-SNP stock solution, 
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which was centrifuged and resuspended in ethanol. The stock aminated-CD-SNPs were 

synthesized in such a way as to yield a surface functionalized with 1:1 (v/v) ratio of 

APTMS and THPMP. 

 

4.4.3 Preparation of Ab1-CD-SNPs and Ab2-FITC 

 

 Ab1-CD-SNPs: the two-step glutaraldehyde conjugation reaction was 

monitored using UV-Vis absorbance to determine the conjugation efficiency. Prior to 

resuspending the glutaraldehyde activated CD-SNPs in the capture anti-AFP (Ab1) 

solution, absorbance at 280 nm was measured to determine antibody concentration 

(Figure 4.8, blue line). After protein coupling was completed, the solution was 

centrifuged and the supernatant absorbance at 280 nm was again measured to determine 

the quantity of antibody remaining (Figure 4.8, orange line). There was an obvious drop 

in protein concentration in the supernatant after crosslinking, suggesting success in 

achieving the desired labeling reaction. The conjugation efficiency was near complete 

(about 98%) in the 5 hour crosslinking process.   

 
 

Figure 4.8. UV-Vis absorption spectra of antibody in the supernatant before (blue) and 

after (orange) reaction with glutaraldehyde-activated CD-SNPs. The absorbance values 
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at 280 nm were utilized for antibody concentration determination and conjugation 

efficiency estimation. 

 

 

 Ab2-FITC: the label anti-AFP (Ab2) was reacted with FITC. After dialysis and 

ultrafiltration, Ab2-FITC was characterized by UV-Vis spectroscopy to determine the 

concentration of antibody and the molar ratio of fluorescein to protein (Figure 4.9). The 

molar ratios of fluorescein to protein (F/P) were calculated from the absorbance 

readings at 280 nm (A280) and 495 nm (A495) as: 

Molar F/P ratio = (2.77×A495) / (A280-(0.35×A495)) 

The Ab2-FITC protein conjugate concentration was determined following the formula: 

IgG (mg/mL) = (A280-(0.35×A495))/0.1508 

where 0.1508 is the absorbance of Ab2 at the concentration of 1 mg/mL (microvolume 

path length of 1 mm, pH 7.4). The molar F/P ratio was determined to be about 4.4 

(Figure 4.9).  Ab2-FITC was stored at 4°C prior to use.   

 

 
 

Figure 4.9. UV-Vis spectrum of Ab2-FITC. The absorbance measured at 280 nm and 

495 nm were used to calculate concentrations of Ab2-FITC conjugate and the labeling 
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molar ratios of FITC to Ab2. Note: a microvolume cuvette with a path length of 1 mm 

was used in making these measurements. 
 

4.4.4 AFP determination with the ratiometric immunoassay 

 The ratiometric immunosensor for AFP is composed of a mixture of both Ab1-

CD-SNPs and Ab2-FITC. When excited at 350 nm, the mixture showed dual emission 

peaks at both 438 nm and 519 nm (Figure 4.10). After sample incubation, AFP was 

sandwiched between the two antibodies to form an immunocomplex of CD-SNPs-Ab1-

AFP-Ab2-FITC, where the fluorescent signals from the C-dots remained constant 

(providing a quantitative measure of the amount of capture agent present) and FITC 

signals were proportional to the concentration of AFP remaining in the complex after 

washing.  The CD-SNP capture component was crucial here in that it provided the solid 

(capture) phase on which the immunocomplexes were formed, facilitated washing and 

centrifugation, and provided the internal standard signal to account for pipetting 

inconsistencies and environmental effects.  
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Figure 4.10. Fluorescence emission spectra of Ab1-CD-SNP (blue), Ab2-FITC (green) 

and the AFP ratiometric immunosensor (orange). Ab1-CD-SNP showed a maximum 

emission at 438 nm when excited at 350 nm. Ab2-FITC yielded a maximum emission 

at 519 nm when excited at 495 nm. The mixture of Ab1-CD-SNP and Ab2-FITC 

composed the ratiometric immunosensor for AFP, with dual emission peaks at 438 nm 

and 519 nm when excited at a single wavelength of 350 nm. 

 

 A calibration curve was established for the ratio of signals (F/C or FITC/C-dot) 

vs. concentrations of AFP antigen (μg/dL). After incubation of the ratiometric 

immunosensor with the antigen, sandwich immunocomplexes were formed between 

AFP and both the Ab2-FITC and Ab1-CD-SNP. The 45 nm silica nanoparticles were 

now functioning as carriers of various amounts of immunocomplexes, depending on 

the amount of AFP antigen added to the sensor solution. Owing to the properties of the 

CD-SNPs, the immunocomplexes were easily separated from the matrix by low-

velocity centrifugation. After washing away free Ab2-FITC, the immunocomplexes 

were readily resuspended for subsequent fluorescence determination. The F/C signal 

(the ratio of FITC fluorescence signal to C-dot fluorescence signal) compared to that 

of the blank, ∆(F/C) = ((F/C) sample-(F/C) blank), exhibited a linear relationship with the 

concentrations of antigen AFP added to the sensor solution. A linear calibration curve 

was established (∆(F/C) = 0.0092 × AFP concentration (μg/dL) + 0.0169, R2 =0.9977) 

in the range of 4.375-280 μg/dL (Figure 4.11).  The detection limit calculated from the 

threefold standard deviation of blank measurements and the slope of the calibration 

curve was 0.317 μg/dL, which showed the potential of applying this method for clinical 

measurement of alpha-fetoprotein, AFP.  
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Figure 4.11. Calibration curve between the ratiometric signal (F/C or FITC/C-dot) and 

the concentrations of AFP antigen (μg/dL). The increase of F/C ratio compared to that 

of the blank, ∆(F/C) = [(F/C) sample-(F/C) blank], demonstrated a linear relationship with 

the concentrations of antigen AFP (μg/dL). The concentrations of data points in the 

plot are: 0, 4.375, 17.5, 35, 70, 140 and 280 μg/dL. The linear equation is ∆(F/C) = 

0.0092 × AFP concentration (μg/dL) + 0.0169. R2 equals to 0.9977. Error bars represent 

standard deviations of five parallel measurements of each concentration. 

 

 Serum solutions spiked with AFP at three different concentration levels were 

analyzed in the same way as for the standards. F/C signals were obtained for these three 

samples, and concentrations were calculated from the linear equations. The recoveries 

were calculated and listed in Table 4.1. 

 

Table 4.1. The recovery of three spiked AFP samples by analysis with the ratiometric 

immunosensor. 

Concentrations 

(Calculated, μg/dL) 

Concentrations 

(Actual, μg/dL) 

Recovery  

(%) 

10.4998 8.75 119.9980 

57.5889 52.5 104.6931 

115.9889 105 110.4657 
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4.5 Conclusions 

 In summary, fluorescent carbon nanodots were synthesized through a 

hydrothermal reaction of precursor citric acid and ethylene diamine. These 

nanoparticles demonstrated excellent quantum yield, photostability and water 

solubility, as noted in previous studies. To conquer the difficulties involved in handling 

these small (< 10 nm) C-dot particles with non-uniform surface functionality, we 

encapsulated the C-dots into silica nanoparticles with diameters of about 45 nm. By 

controlling the ratio of amine and phosphonate groups, we demonstrated the potential 

of synthesizing C-dot doped silica nanoparticles of different sizes. Taking advantage 

of the existing knowledge based in the field of silica chemistry, we capped the novel 

CD-SNPs with antibodies with the goal of using them in the near term as quantitative 

tools for immunoassays, and later for studies including in vitro cell labeling and in vivo 

cell imaging. Here, we described a novel ratiometric immunoassay for AFP 

accomplished using Ab1-CD-SNPs as both a biorecognition unit and a tool to facilitate 

washing. A linear relationship was established between ratiometric signals (F/C) and 

concentrations of AFP in the range of 0-280 μg/dL with great linearity (R2 =0.9977). 

The acceptable detection limit and recovery data showed that this is a suitable method 

for AFP quantitation in a clinically relevant range of concentrations. With the same 

basic construct, this assay approach can be applied to a wide range of other 

immunoassay targets. Our demonstration of encapsulating low-cost, simply-obtained 

and highly-fluorescent C-dots into silica nanoparticles for immunoassay may expand 
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the future applications of these carbon nanomaterials to areas such as in-vivo cellular 

imaging, drug delivery, and in-vitro cell labeling and biomolecule sensing.  
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CHAPTER 5 

CLINICAL CHEMISTRY MEASUREMENTS WITH COMMERCIALLY 

AVALAIBLE TEST SLIDES ON A SMARTPHONE PLATFORM: 

COLORIMETRIC DETERMINATION OF UREA 

 

5.1 Abstract 

 

 Rapidly increasing healthcare costs in economically advantaged countries are 

currently unsustainable, while in many developing nations even 50-year-old 

technologies are too expensive to implement. New and unconventional technologies 

are being explored as solutions to this problem. In this study we examined the use of a 

smart phone as the detection platform for a well-developed, relatively inexpensive, 

commercially available clinical chemistry assay as a model for rapid and inexpensive 

clinical diagnostic testing. An Apple iPhone 4 camera phone equipped with a color 

analysis application (ColorAssist) was combined with the Vitros® urea colorimetric 

assay. Color images of assay slides at various concentrations of urea were collected 

with the iPhone 4 and quantitated in three different spectral ranges (red/green/blue or 

RGB) using the ColorAssist app. When the diffuse reflectance data was converted into 

absorbance, it was possible to quantitate blood urea nitrogen (BUN) over their 

clinically important concentration ranges (2-190 mg/dL), with good linearity (R2 = 

0.9996 [n = 5]). Results collected using the iPhone 4 and canine serum samples were 

in agreement with results from the instrumental “gold standard” (Beckman Coulter 

AU480 Chemistry System, Brea, CA) (R2 = 0.9958 and slope = 0.9454). BUN 

determinations using the smartphone approach were comparable in accuracy to a 
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commercial colorimetric dry slide analyzer (Heska® Element DC Chemistry Analyzer, 

Loveland, CO). This demonstration shows that smart phones have the potential to be 

used as simple, effective colorimetric detectors for quantitative diagnostic tests, and 

may be applicable to both point-of-care applications in the developed world and field 

deployment in developing nations.  

5.2 Keywords 

 

Smartphone; Colorimetric analysis; Urea; Point-of-care 

5.3 Introduction 

 

 The annual cost of health care in the U.S. is anticipated to reach $4.8 trillion or 

17.6% of the U.S. GDP in 2021, up from over $2.59 trillion dollars as of 20101. This 

rapid increase in healthcare spending is widely regarded as unsustainable. As of 2008, 

diagnostic testing constituted $250 billion of this budget2, with a majority share devoted 

to medical imaging products. A concurrent issue is that traditional healthcare 

technologies are too expensive to implement in many developing parts of the world, 

where several dozen nations spend less than $100 per capita annually on healthcare3.  

The nature of many diseases makes frequent monitoring necessary, such as glucose 

assays for diabetes and blood urea nitrogen (BUN) assays to track kidney diseases. 

Global healthcare expenditures for diabetes alone are expected to reach $490 billion by 

2030, while the number of diabetes cases worldwide will double between 2000 and 



106 

 

2030 to over 400 million people4,5. The point-of-care testing (POCT) concept was 

introduced with these figures in mind.  Benefits of POCT include immediate output via 

an electronic medical record (EMR), decreased turnaround time via enhanced 

communication efficiency, and reduction of morbidity and mortality. POCT devices 

are predicted to play a vital role in decreasing healthcare costs.  

 Various formats of membrane-based test strips, dry chemistry slides and paper 

microfluidic devices, all designed to utilize smaller amounts of samples and reagents 

while producing faster results (often with enhanced sensitivity) have been examined 

for medical diagnostics and other applications6-8. To further these efforts, parallel 

projects have been pursued to develop detection approaches that can match the 

simplicity and low cost of these paper strip approaches.  While a variety of detection 

methods, including electrochemical9-11, chemiluminescence12,13 and fluorescence14,15, 

have been investigated, comparatively simple colorimetric methods (which have a long 

history) are still attractive because the output of these assays can be visually observed 

and compared to a color chart to generate low-cost, rapid, semi-quantitative results. 

Truly quantitative detection of these paper based colorimetric reactions requires the use 

of bench top scanners16 or cameras combined with computer-based image analysis 

software17,18, or other sophisticated commercially available greyscale or color intensity 

measuring instruments. Smartphone cameras have tremendous potential to supplant 

this quantitative approach given their on-board processing power, portability, and wide 

spread availability, internet connectivity, and open source programming19-23. The built-

in digital camera of the iPhone, for example, combined with widely available software 

(Adobe Photoshop) has been applied to field tests for colorimetric trinitrotoluene (TNT) 
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detection24. The performance of the built-in camera within the iPhone was compared 

to that of a digital single lens reflex (DSLR) camera, which resulted in a successful 

demonstration of the phone camera for semi-quantitative field-testing for TNT 

explosives. 

 Here, we examine the use of a smartphone camera in concert with an 

inexpensive color analysis application (app) to quantify the widely used, commercially 

available veterinary and human clinical chemistry assay for urea quantitation.  This 

stands as a representative for a wide panel of rapid and inexpensive clinical diagnostic 

tests. When the diffuse reflectance data collected using the phone camera was 

converted into pseudo absorbance values, it was possible to quantitate urea over their 

clinically relevant concentration ranges (2-190 mg/dL), with good linearity (R2 = 

0.9996 [n = 5]). The developed method for BUN assay was validated using a “gold 

standard” instrument (Beckman Coulter AU480, Brea, CA) on canine serum samples 

with good agreement (R2 = 0.9958 and slope = 0.9454). BUN determination made using 

the smartphone approach was comparable in accuracy to a commercial colorimetric dry 

slide analyzer (Heska® Element DC Chemistry Analyzer, Loveland, CO). These results 

indicated that smartphone-based colorimetric methods yield acceptable performances 

on BUN tests. These methods show great potential for application as point-of-care tools 

in the developed world and for field deployment in developing nations. 

5.4 Materials and methods 

5.4.1 Chemistry of dry chemistry products  
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 Dry chemistry slides for clinical urea (Figure S5.1a) assessments were 

purchased from Vitros® (Ortho Clinical Diagnostics, Johnson & Johnson Inc., TN). 

These slides were typically made of several chemical layers, each of which was 

designed to optimize specific unit operations as described below.  

 Urea slides included five main components (Figure S5.1b): spreading, reagent, 

semipermeable, indicator, and support layers. The reagent layer contained urease (jack 

beans, E.C.3.5.1.5) 1.2 U/cm2 and buffering reagents to maintain pH 7.8 for the urease 

reaction. A semipermeable membrane under the reagent layer allows only ammonia to 

permeate, preventing transport of ammonium ions, which makes the urea slides specific 

to urea only, not the interfering ammonium in the blood. The indicator layer contained 

0.26 mg/cm2 of N-propyl-4-(2, 6-dinitro-4-chlorobenzyl)-quinolonium ethane 

sulfonate as an ammonia indicator. The design of the spreading layer of the Vitros® 

slide ensures even distribution of sample in the horizontal plane. Non-proteinaceous 

components are passed through to the underlying reagent layer, where the enzymatic 

reactions occur.  

 The urea assay color chemistry depends on the generation of ammonia from the 

urease catalyzed degradation of urea at pH 7.8. Permeation of the ammonia through the 

semipermeable membrane allows it to react with the indicator [N-propyl-4-(2, 6-

dinitro-4-chlorobenzyl)-quinolonium ethane sulfonate] to generate a dye with grey-

blue color in proportion to urea concentration (Figure S5.2).  

5.4.2 Collection of reflectance spectra with a spectrometer 
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 Urea slides were brought to room temperature (23 ± 1 °C) from storage at -

20 °C by allowing them to warm up to room temperature for one hour immediately 

prior to each experiment. Urea of 45 mg/dL (Sigma-Aldrich, St. Louis, MO) were 

prepared with 10 mM PBS buffer (all buffer reagents from Mallinckrodt Baker, Inc., 

Phillipsburg, NJ). For each slide, 5.5 µL of urea was applied to the center of the active 

areas. Slides were allowed to incubate at room temperature for 20 minutes for urea to 

generate the colored products. An AvaSpec-2048L spectrometer equipped with an 

AvaLight-DH-S-BAL Deuterium/Halogen continuum source, an RPH-1 Reflection 

Probe Holder, and AvaSoft©7.6.0 software (Avantes USA, Broomfield, CO) were used 

to measure the diffuse reflectance for the fully developed colored test slides in the 

wavelength range of 380 nm to 730 nm with the probe positioned at 45 degrees from 

the surface of the slides. 

5.4.3 Collection of RGB values with a smartphone 

 The color of the test slides intensified with time and correlated directly to the 

concentrations of the analyte in the test samples. RGB intensity values were measured 

and recorded via digital images collected using the built-in 5-megapixel iSight camera 

on an iPhone 4 (Apple Inc., Cupertino, CA). A simple homebuilt box with dimensions 

of 180 × 115 × 80 mm, painted flat black on its interior, was used to regulate light 

conditions during measurements. Inside the box, three bright LEDs were used as broad-

spectrum light sources (5 mm, 13850 K color temperature, 1800 mcd white LEDs, 

Super Bright LEDs Inc., Saint Louis, MO). A commercially available mobile 

application designed for color matching, ColorAssist (FTLapps, Inc.), was used as a 

tool to separate and quantitate the color intensities of the digital images into red, green 
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and blue (RGB) channels at predetermined temporal endpoints (described below in 

section 5.4.4). All of the experiments were carried out at room temperature (23 ± 1 °C). 

  

5.4.4 Enzymatic kinetic and color stability studies of urea slides with a smart 

phone 

 Kinetic studies were conducted for selection of optimal incubation times for 

stable and reproducible color development and sensitive detection. Various 

concentrations of urea were added to the Vitros® slides before RGB values were 

collected with the iPhone 4 ColorAssist app over a sixty-minute period. The RGB 

values for fully developed urea slides were collected for long-term storage stability 

studies. 

5.4.5 Development of calibration curves with a smart phone 

 Urea standards were prepared with a set of standard calibrator samples (Ortho 

Clinical Diagnostics, Johnson & Johnson Inc., Piscataway, NJ) that mimic the matrix 

components in actual serum samples. Urea slides were prepared as described above, 

with 20 minutes of incubation for urea at room temperature. RGB values were then 

measured using the iPhone and recorded. Green channel values were used to develop 

the calibration curves, as the green channel data was most stable and reproducible. Five 

replicate experiments were carried out for the urea assays. 

5.4.6 Performance of the smartphone colorimetric method as compared to 

standard instruments 
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 Canine whole blood samples were collected from five different dogs and tested 

at the College of Veterinary Medicine, Oregon State University. Serum samples were 

obtained and BUN levels were determined using the smartphone colorimetric method, 

an instrumental “gold standard” (Beckman Coulter AU480, Brea, CA) and a 

commercial dry slide colorimetric analyzer (Heska® Element DC Chemistry Analyzer, 

Loveland, CO). For the smartphone method, serum samples were directly applied to 

the centers of slides; RGB values were then collected with the iPhone after incubation 

at room temperature for 20 minutes. Green channel values were then converted to 

diffuse absorbance, from which concentrations were calculated using established 

calibration curves. Instrumental standard operation protocols were followed for 

measurements on both the Beckman® and Heska® instruments. Measurements on the 

Beckman instrument were carried out 48 hours prior to parallel analyses with the 

iPhone/app and Heska® clinical analyzer. 

5.5 Results and discussion 

5.5.1 Reflectance spectra and signal channel selection 

 

 The dye end-products developed on BUN slides were characterized by UV-Vis 

reflectance spectroscopy. The BUN slide held 5.5 µL of 45 mg/dL urea standard 

solution. After 20 min incubation, the UV-Vis absorbance spectra were collected. 

Additional slides were used as blank controls for absorbance conversion.  Two broad 

peaks were observed for urea slides: one having a maximum at 400 nm and the other 
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at 580 nm (Figure 5.1). The broad absorbance peaks covering the visible spectrum 

corresponded to the visually observed grey-blue color from these urea slides.  

 

Figure 5.1. Absorbance spectra of fully-developed colored BUN test slide.  

Absorbance bands were observed at 400 nm and 580 nm while grey-blue color 

developed on the BUN slide. 

 

 The reflectance values from all three channels showed promise for yielding 

reasonably good signals because of the wide absorbance peaks observed. The 

relationships between reflected red, green and blue light intensities and concentrations 

were explored by directly relating 8 bit RGB values, which were collected using the 

iPhone 4 as described previously, to various urea concentrations (Figure 5.2). 

Indicators for BUN grew darker with application of more concentrated samples (Figure 

S5.3). The curve for urea shown in Figure 5.2 demonstrated that the red, green and blue 

channel values were all sensitive to the color development with increasing 

concentrations, and this was especially true for the green and red channel values. 
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Therefore, the green channel was selected for further experiments as it yielded the 

highest sensitivity for quantitation.   

 

Figure 5.2. Relationships between 8-bit raw RGB values (0-255) and analyte 

concentrations. 5.5 µL urea calibrators of various concentrations added to Vitros® 

BUN slides and incubated for 20 minutes prior to measurement of RGB values with an 

iPhone 4 and ColorAssist. 

 

5.5.2 Kinetics and stability of the dye reactions 

 

 The enzymatic nature of the indicator reaction made kinetic studies of urea 

assays necessary. The urea slides were prepared as described above and the iPhone 4 

was used to collect data for the green channel for a 60 minute time period (Figure 5.3). 

The extent of color development at any given point during the experiment was 

proportional to the concentration of the analyte: higher analyte concentrations led to 

higher rates of reaction (Figure 5.3) and higher indicator color intensities (Figure S5.3).
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 The data showed that at room temperature the urea assay required about 20 

minutes to reach a grey-blue colored endpoint (Figure 5.3). Based on these observations, 

a 20 minute room temperature incubation was chosen to ensure optimal colorimetric 

detection of urea. In 20 minutes, the slides developed a stable dark grey-blue color 

where color intensities were proportional to urea concentrations. 

 

Figure 5.3. Kinetics of urea reactions for 60 minute experimental durations: 5 µL urea 

samples of 0, 15, 30 and 45 mg/dL were added to Vitros® BUN slides. RGB values 

were read with an iPhone 4 and ColorAssist at various time intervals for 60 minutes. 

 

The urea enzymatic reaction exhibited instability in coloration after only 20 minutes, 

with loss of grey-blue coloration and development of a yellow cast. Simultaneous 

monitoring of values in the red, green and blue channels for 60 minutes, as shown in 

Figure S5.4, indicated decrease in signal intensity with higher R, G and B values after 

20 minutes, which corresponded to the visual observation of color change from grey-

blue to yellow. 
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5.5.3 Calibration curve 

 

 Parametric regression analysis has been widely applied in colorimetric 

analytical methods 25-29. For our work, only the green channel component was selected 

for diffuse absorbance conversion because of its particular sensitivity and utility for the 

assays. The signals were expressed as calculated diffuse absorbance values:  

 Diffuse absorbance =  − log
𝐺𝑟𝑒𝑒𝑛 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑎

𝐺𝑟𝑒𝑒𝑛 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘
      (5.1) 

 The urea slides were prepared as before with diluted Vitros® calibrators. An 

iPhone 4 was used to capture color intensities of the dye products from the green 

channel after 20 minute incubation for urea. The green values represented the amount 

of green component light reflected to the phone camera from the colored test areas. To 

make a calibration curve, the logarithmic values of the green component intensities for 

each standard relative to those of the blank were calculated as representative diffuse 

absorbance values. While both nonparametric regression, including kernel regression 

with polynomial degrees of 1 to 3, and non-linear regression, between diffuse 

absorbance and concentrations, yielded models with R2 values of all higher than 0.99, 

the best fit was found with a parametric linear regression. This was especially true in 

the clinically important concentration ranges of BUN. Strong correlations between the 

calculated absorbance values and the urea concentrations were observed (Figure 5.4). 

In the range of 2-190 mg/dL, the diffuse absorbance values for BUN assay had a linear 

relationship to BUN concentration (R2 = 0.9996, Figure 5.4 and Table S5.1). The error 

bars in the graph showed the standard deviation for n = 5 trials (Figure 5.4). 
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Figure 5.4. Calibration curve for urea obtained on a smartphone platform: 5 µL urea 

calibrators of 2-190 mg/dL were added to Vitros® BUN slides and incubated at room 

temperature for 20 minutes. RGB values were read with an iPhone 4 and ColorAssist. 

 

5.5.4 Performance comparison to instrumental standards using clinical blood 

samples 

 

 The performance of the smartphone-based urea quantitation system was 

evaluated through comparison with that of a “gold standard” instrument (Beckman 

Coulter AU480). The BUN concentrations for five canine serum samples were 

determined with our smartphone-based colorimetric method using the same process as 

that employed in the calibration curve. These test values were compared to the 

concentrations as measured with the Beckman Coulter (Figure 5.5). The concentration 

values obtained using the iPhone showed good agreement with values from the 

Beckman Coulter, with an R2 value of 0.9958 and slope of 0.9454 (Figure 5.5).  
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Figure 5.5. Linear regression plot comparing results from the iPhone method and the 

Beckman Coulter AU480 Chemistry System for BUN determinations in canine serum 

samples: BUN concentrations for five canine serum samples tested using the iPhone 

compared to concentrations tested using the Beckman Coulter AU480. 

 

 The performance achieved using the newly developed BUN iPhone method was 

also compared to that of a commercial colorimetric dry slide analyzer (Heska®). BUN 

concentration values for canine blood samples evaluated using these methods, along 

with their percentage errors, are listed in Table 5.1.  The BUN concentrations 

determined with the iPhone for these serum samples showed comparable results to that 

of the Heska® instrument (Table 5.1). 
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Table 5.1. BUN concentrations for canine samples tested using the Heska® analyzer 

and the iPhone platform as compared to results obtained using a Beckman “gold 

standard”  

 
 

5.6 Conclusions 

 

 The method presented here for blood urea nitrogen determination, comprised 

of commercial test slides with an iPhone for color detection, is intended for point-of-

care diagnostics. Together, the features of the commercially available slides and the 

rapid adaptability of an iPhone provide an easy-to-use, portable, and accurate system 

for the determination of BUN. Low overall costs and easy portability makes these 

methods particularly advantageous for those having limited access to clinical support 

or for those in remote locations.  The test slides contain all the chemicals necessary for 

urea assays on a single slide, and require only microliters of sample (5.5 µL). With the 

ubiquity of smart phones today, we have demonstrated that it is possible to accomplish 

routine analysis of a modern POCT system using a smart phone device for detection. 

 By utilizing dry-form chemicals in a BUN slide and adapting an iPhone as a 

colorimeter, we introduce a new method for BUN determination. While there is no 

obvious peak for the urea reaction, two broad peaks, one at 400 nm and the other at 580 

nm, are observed and facilitate detection. The change in color intensity of the developed 
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dye product corresponds to the detected urea concentration. The reactions are rapid, 

reaching equilibrium with an incubation period of minutes. A standard iPhone 4 is used 

for the determination of the colored product on the assay slides. By measuring the RGB 

values and plotting a calibration curve, we found that the values from the green channel 

yielded the greatest sensitivity and linearity (when calibrated) to urea concentrations in 

the relevant clinical ranges. When compared with an instrumental “gold standard” 

(Beckman Coulter AU480) using canine serum samples, our method yielded linearly 

correlated BUN concentrations with slope values close to 1. The accuracy of the 

established smartphone method was compared with that for a commercial colorimetric 

dry chemical slide analyzer (Heska®) designed for veterinary clinical purposes. The 

iPhone method produced comparable (if not better) error percentages. 

 The BUN slides are inexpensive and compact, and the iPhone is portable and 

battery-powered.  In addition, with the self-contained internet connectivity, capabilities 

of the iPhone allowed for detection results to be transmitted directly to a healthcare 

provider for immediate diagnosis and to update patient records. Further research is 

necessary for the optimization of assay conditions (including optimal temperature, 

humidity ranges, and sample size) for enhanced assay adaptability, and stability. 

 Further research will focus on continued development of purpose-built iPhone 

applications, which enable to use a standardized calibration curve to convert the RGB 

values directly to BUN concentrations. Likewise, assay improvements are underway to 

ensure lower production costs and to avoid the need for refrigeration. Other clinical 

chemical assays will be tested on this system to expand the range of simple point-of-

care diagnostics. 

https://www.google.com/search?newwindow=1&q=veterinary&spell=1&sa=X&ei=-zEzVdvRGs-vogTRn4CoBw&ved=0CBsQvwUoAA
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5.7 Supporting information 

 

 

Figure S5.1. Pictures and cross-sectional diagrams of the BUN slides: (a) a BUN slide, 

with chemistry area of  diameter 7.5 mm, compared to a US quarter (b) Diagram of a 

BUN slide, showing the five functional layers and the upper and lower slide mounts, 

plus a semipermeable membrane that allows only ammonia gas to penetrate 30. 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.2. Reaction scheme for the BUN slides. Urea is hydrolyzed by urease to 

produce ammonia and water. Ammonia then penetrate the semipermeable membrane 

to react with the leuco dye of N-propyl-4-(2, 6-dinitro-4-chlorobenzyl)-quinolonium 

ethane sulfonate and produce a grey-blue colored product. 
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Figure S5.3. Color developed on BUN slides with standard calibrators of various 

concentrations. BUN slides developed a grey-blue color of increasing intensity with 

BUN samples of increasing concentration in the range of 0 to 80 mg/dL. 

 

 

 

Figure S5.4.  Stability of color developed on BUN slides. RGB values were monitored 

using an iPhone for 60 minutes for a slide developed using a BUN concentration of 30 

mg/dL. The slide stably developed a grey-blue color of appreciable intensity within 20 

minutes, until a yellow cast was observed with higher red and green values and lower 

blue values.  
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Table S5.1. The BUN calibration curve data (n = 5) 

 

BUN 

(mg/dL) SD %RSD 

1.67 0.0005 5.26 

6.68 0.0035 6.29 

16.70 0.0068 3.88 

50.10 0.0034 0.66 

83.50 0.0404 4.59 

133.60 0.0034 0.25 

167.00 0.0088 0.52 

192.05 0.0881 4.59 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

 Miniaturization of analytical platforms into portable micro total analysis 

systems (µTAS) is a popular trend, for which a wide variety of novel types of 

microfluidic fabrication methods have been developed1-2. This trend of miniaturization 

has also stimulated growth of interest in applying nanomaterials to assay development. 

Nanoparticles, which have been defined as particles with three dimensions in the order 

of 100 nm or less, are mainly classified into five categories: metal nanoparticles (e.g. 

gold and magnetic nanoparticles), ceramic nanoparticles (e.g. silica nanoparticles), 

polymeric nanoparticles (e.g. chitosan and polycaprolactone nanoparticles), 

semiconductor quantum dots (e.g. CdSe quantum dots), and carbon nanoparticles. 

Nanoparticles impart large surface areas thus unique properties which were usually 

exploited for the sensitive detection of analytes. For example, gold nanoparticles, 

magnetic nanoparticle and semiconductor quantum dots have been widely applied to 

biosensing applications. However, exploration of carbon nanoparticles in the area of 

quantitative biosensing is still in its early stage.  

 The development of carbon nanodot (C-dot) based bioassays was presented in 

this dissertation covering three main research subjects. First, a novel, simple, rapid 

capillary electrophoresis (CE) method was developed for qualitative and quantitative 

characterization of as-prepared C-dots, which also provided a tool for troubleshooting 

and optimization of C-dot-antibody bioconjugation. Second, C-dots were directly 

applied as fluorescent biolabels to antibodies to develop a sensitive, selective, 

environmentally-friendly, high throughput, well plate based immunosorbent assay to 



126 

 

detect human α-fetoprotein (AFP). Third, C-dots were encapsulated into silica 

nanoparticles by reverse microemulsion, which was utilized to develop a new sensitive 

ratiometric immunoassay for AFP. Lastly, as a proof-of-concept, the potential of a 

smartphone camera to be used as a simple, effective colorimetric detector for 

quantitative diagnostic tests was demonstrated for blood urea nitrogen (BUN) 

determination.  

 In Chapter 2, a hydrothermal reaction was chosen to synthesize highly 

fluorescent C-dots (quantum yield (QY) =~99%) from a carbon precursor of citric acid 

and a nitrogen precursor of ethylene diamine. In our opinion, one-step hydrothermal 

reaction was the most straightforward and efficient method to produce C-dots; and 

nitrogen doping was an effective treatment for obtaining C-dots of high fluorescent QY. 

Dialysis was carried out for C-dot purification. C-dots were then analyzed using CE. 

Comparing working buffers of different pH, the effect of pH on the electropherogram 

profile was not significant. However, the run time was significantly shortened using 

working buffers of higher pH. Therefore, an alkaline working buffer was chosen to 

develop a novel, simple, rapid and reliable CE analysis method for C-dots. The areas 

of the most prominent peak of negative charged C-dots were plotted against their 

concentrations to obtain a linear calibration curve. With this calibration curve, the 

addition of C-dots in bioconjugation reactions was subsequently quantitatively 

controlled. Furthermore, C-dots were crosslinked with a capture antibody using 

glutaraldehyde to generate amine-amine linkages.  Following this step, all of the 

reaction components were baseline separated using the newly established CE method. 

The newly produced peak in the electropherogram, migrating between the peaks 
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representing C-dots and unlabeled antibodies, confirmed the successful production of 

C-dot-labeled antibodies. Then, optimization of the bioconjugation reaction and 

production of the desired C-dot-antibody conjugate was carried out with the aid of the 

developed CE method.  

 In Chapter 3, the above produced C-dot-labeled antibodies (active anti-AFP, 

Ab2) were applied to develop a sensitive, selective, environmentally-friendly, high 

throughput, well plate based immunosorbent assay for an important disease biomarker: 

human AFP3. The novel C-dot-linked immunosorbent assay (CLISA) was carried out 

by forming AFP sandwich immunocomplexes between capture anti-AFP (Ab1), which 

was coated on polystyrene plate wells, and label anti-AFP (Ab2), which was linked to 

C-dots through glutaraldehyde via amine-amine conjugations. With unbound reagents 

washed away with Tween-20, C-dots produced highly specific and stable fluorescence 

signals corresponding to human AFP concentration ninthe sample. A five parametric 

regression curve was established between these fluorescence signals from specific-

bound C-dots and the concentrations of AFP antigens, which were in excellent 

agreement with those for a colorimetric horseradish peroxidase (HRP) enzyme-linked 

immunosorbent assay (ELISA) and fluorescein isothiocyanate (FITC)- linked 

immunosorbent assay (FLISA), both of which were established in-house with the same 

anti-AFP pairs. The advantages of C-dots as biolabels included their high QY, superior 

biocompatibility, and their excellent resistance to photobleaching. The outstanding 

photostability of C-dots could potentially increase the reproducibility of fluorescent 

immunoassays while maintaining their wide quantitative range. The challenge remains 

in increasing the labeling efficiency. 
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 In Chapter 4, the complications associated with direct biolabeling and surface 

modification of C-dots - compromised photoluminescence and labeling efficiency - 

were circumvented by encapsulation of C-dots into silica nanoparticles.  A reverse 

microemulsion method was utilized to obtain a stable aqueous suspension of 45 nm-

sized C-dot doped silica nanoparticles (CD-SNPs), where an appropriate amount of 

positively charged amine groups and negatively charged phosphonate groups were 

introduced on the surface: (1) to introduce explicit surface chemistry for further 

functionalization; and (2) to maintain a reasonably stable and homogenous aqueous 

suspension, which could still be easily separated from the matrix by centrifugation.  

These CD-SNPs were then applied as functional sample matrices to develop a 

ratiometric immunoassay for human AFP. In this case, capture anti-AFPs (Ab1) were 

conjugated onto surfaces of CD-SNPs through glutaraldehyde via amine-amine 

conjugation.  The Ab1-loaded CD-SNPs were then mixed with FITC-Ab2 to form the 

fluorescent immunosensor. Once incubated with antigen AFP, the sandwich 

immunocomplexes formed on the CD-SNPs. After separation and washing, which was 

enabled by the CD-SNPs, the resultant variable FITC fluorescent signals and the 

corresponding constant (standard) C-dot fluorescent signals were both measured. In 

this novel ratiometric immunoassay, C-dots function as built-in correction agents to 

offset inconsistent experimental and environmental effects. The ratios of fluorescent 

signals from FITC and C-dot had a good linear correlation to human AFPs in a broad 

range of concentrations (range: 0-280 µg/dL) with acceptable sensitivity and recovery. 

This novel assay format showed great potential to be applied to other immunoassay 

targets. Moreover, the silica encapsulation of C-dots, enabling convenient 
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centrifugation and straightforward surface functionalization with biorecognition units, 

opens a broad new series of applications for C-dots such as specific in vitro cell labeling 

and specific in vivo cell imaging and drug delivery.  

          While a variety of detection approaches, including electrochemical, 

chemiluminescence and fluorescence have been investigated for miniaturized µTAS 

systems, comparatively simple colorimetric methods are still attractive for generation 

of low-cost, rapid, semi-quantitative results4 -5. In Chapter 5, an alternative colorimetric 

quantitation method, enabled by a smartphone camera equipped with a color 

measurement application, was utilized to quantitate a well-developed, relatively 

inexpensive and commercial available clinical chemistry slide assay of blood urea 

nitrogen (BUN) in its clinically important concentration range6. The smartphone 

camera enabled colorimetric method were tested on canine serum samples for BUN 

determinations. The results showed great agreement with those from both an instrument 

“gold standard” (Beckman Coulter AU480) and a common  veterinary colorimetric dry 

slide analyzer (Heska® Element DC, though other examples abound). This 

demonstration indicates that smartphones have the great potential to be used as simple, 

effective colorimetric detectors for quantitative diagnostic tests. Considering that many 

demonstrations on applications of fluorescent C-dots show color changes discernible 

to the naked eye, the next step of this research can be a combination of such simple and 

effective colorimetric detectors with sensitive C-dot assays in potentially both point-

of-care applications in the developed world and field deployment in developing nations. 

 In conclusion, the work conducted in this dissertation serves as one of the first 

explorations utilizing C-dots in protein disease biomarker detection. C-dots synthesized 
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in these studies demonstrated many useful qualities as a fluorescent tagging agents, 

including: simple synthesis from inexpensive materials, broad chemical compatibility, 

inherent biocompatibility, low toxicity, excellent photostability, high quantum yield, 

and high water dispersibility. More and more explorations on applications of these 

carbon nanomaterials to different fields of study are anticipated. Therefore, the simple 

and rapid CE elucidation tool, the direct biolabeling method (which was been 

successfully applied to fluorescent immunosorbent assays), and the silica encapsulation 

process (which was and can be further tuned to adjust the size and surface functionality 

of the resultant nanoparticle; and which also was successfully applied to a ratiometric 

immunoassay) have laid a solid foundation for future endeavors.  
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