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ABSTRACT 

Using Fluorescent Carbon Dots for Biosensing Applications of Amino Acids 

Nayomi S. Camilus 

 

Amino acids make up proteins, which are the building blocks of life. A balance of 

amino acids is needed to maintain a healthy state. Tyrosine (Tyr) is synthesized from the 

metabolism of phenylalanine, which is an essential amino acid, meaning it can only be 

obtained from the diet. It is related to many metabolic and neurodegenerative diseases. Tyr 

can undergo post-translational modifications such as phosphorylation and nitration, which 

are implicated in cancer and nitrative stress, respectively. Although there are many 

methods to detect Tyr and its analogues, phosphotyrosine (pTyr) and nitrotyrosine (nTyr), 

these methods are time-consuming, involve expensive instruments and involve tedious 

process. This research proposes a new type of nanomaterials, carbon dots (CDs), to detect 

these amnio acids. Data indicate that CDs can be used to detect nTyr with a limit of 

detection of 34 μM in the linear range of 20 - 105 μM. The amenability of CD-nTyr assay 

was also tested in various biological matrices and biological molecules and was shown to 

be sensitive to nTyr. Nitration of Tyr was carried out in the presence of sodium nitrite and 

hydrogen peroxide catalyzed by either Cu(II) or Fe(III) to mimic biological reactions and 

CDs were tested as both inhibitors and indicators of Tyr nitration. Although CDs did not 

inhibit the nitration reaction of Tyr, they did not serve as indicators of Tyr nitration due to 

the quenching of CDs by the nitrating agents. This shows the importance of using CDs to 

detect nTyr and further use it for biological applications to detect diseased states. 
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Chapter 1 - Introduction 

1.1 Importance of studying amino acids 

Amino acids (AAs) are made up of three functional groups: amino group (NH2), 

carboxylic group (COOH), and a variable side chain. The variable side chain gives unique 

properties to the amino acid making it either charged, hydrophobic, or polar but uncharged. 

Through the formation of the peptide bonds, AAs make up proteins, which are the building 

blocks of life, and the side chains provide the protein its tertiary structure (Figure 1.1) [1]. 

There are 20 AAs found in the human body, with 9 of them being essential ones. Essential 

amino acids are those that cannot be synthesized endogenously and must be obtained in the 

diet whereas non-essential amino acids are synthesized endogenously. The availability of 

AAs play an important role in the synthesis and catabolism of proteins which has an 

influence on the functions of the cell like in regulation of cell signaling, gene expression, 

transport and the metabolism of the AAs [2]. An increase in AAs leads to increased protein 

synthesis and prevents the degradation of proteins while a decrease in AAs leads to the 

breakdown of proteins and in extreme cases of starvation, conversion into glucose and 

ketone bodies [2].  

1.1.1 Tyrosine (Tyr) 

Tyrosine (Tyr) is a semi-essential aromatic amino acid that is synthesized from 

phenylalanine and can easily pass through the blood brain barrier. Semi-essential amino 

acids are those that are synthesized by an essential amino acid; tyrosine is considered a 

semi-essential amino acid because it is synthesized by the metabolism of phenylalanine, 

which is an essential amino acid. It comprises 1-6% of the weight of most proteins [3]. 
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Precursors of dopamine are epinephrine and norepinephrine, which are dependent on 

dietary tyrosine [4,5]. Tyr is found in low concentrations in the body because of its high 

metabolization rate. In addition, Tyr is a significant amino acid, meaning that it is involved 

in the biosynthesis of peptides, proteins, and painkillers and is a precursor of hormones and 

melanin (Figure 1.1). Since Tyr is involved in many important systems in the body, an 

imbalance of this amino acid leads to metabolic disorders such as tyrosinemia [6,7], 

alkaptonuria, and albinism and mental disorders like depression. Tyrosinemeia affects 1 in 

100,000 people and is a rare autosomal recessive disorder as a result of the deficiency of 

the enzyme, fumarylacetoacetate hydrolase [8]. The role of Tyr in biological systems 

makes its detection and quantification one of importance. 

 

Figure 1.1. (A) Basic structure of amino acid and peptide [9]; (B) Structure of Tyr. 

1.2 Post-translational modifications of Tyr 

Post-translational modifications such as phosphorylation and nitration of proteins 

play an important role in cell signaling and are the pathway of diseases. There are two types 

of post-translational modifications; the first type consists of proteolytic processes like the 

cleavage of peptide fragments while the second type consists of modifications to the side 
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chains of AA [10]. Tyr residues undergo various post-translational modifications with the 

three major ones being phosphorylation, nitration and sulfation (Figure 1.2) [10].The other 

modifications of Tyr include oxidation, halogenation, AMPlyation, and glycosylation [11]. 

These modifications result in a variety of different types of biological molecules from tri-

peptides (Met-Tyr-Trp) to quinones (topaquinone) [11]. Consequently, these modifications 

play a significant role in physiological and pathological processes.  

 

Figure 1.2. Post-translational modifications of Tyr [11]. 
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1.2.1 Phosphorylation of Tyr 

Phosphorylation, a post-translational modification, is a reversible process in which 

Adenosine 5′-triphosphate (ATP) donates a phosphate group to the polar group of amino 

acids through ATP hydrolysis. Phosphorylation of hydroxyl containing amino acids, 

including tyrosine, play an important role in cell signaling [12]. Specifically, proliferating 

cell nuclear antigen (PCNA), a protein involved in cell proliferation, gets phosphorylated 

at Tyr 211 through Ron, a tyrosine kinase that activates non-receptor tyrosine kinase 

Abelson (c-Abl) [13]. In addition, phosphorylation of tau protein makes it harder for 

neuronal transport as it is harder for tau to attach to the microtubules [14]. The 

phosphorylation of tau at Tyr 394 changes the shape of the protein. Moreover, 

phosphorylation of tyr18 in tau by fyn, a tyrosine kinase, is implicated in Alzheimer’s 

diseases [15]. 

1.2.2 Nitration of Tyr 

Nitration of tyrosine is a covalent modification that adds a nitro group (-NO2) to 

one of the ortho groups of benzene by nitrating species like nitrogen dioxide [16]. Nitration 

of tyrosine residues such as 3-nitrotyrosine (nTyr), are known to play a role in 

neurodegenerative disease like Alzheimer’s disease where the protein, amyloid beta, is 

nitrated at tyrosine 10, resulting in both in vivo and in vitro aggregation [17,18]. The 

presence of nTyr is also indicative of oxidative stress and tissue damage, being implicated 

in cardiovascular diseases like coronary artery disease (CAD). Specifically, the plasma of 

individuals with CAD were found to have elevated nTyr compared to normal patients [19]. 

Moreover, nTyr is shown to be elevated in patients with mild asthma who are not 
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undergoing corticosteroid therapy but nTyr levels are reduced in those receiving therapy 

[20]. 

1.3 Detection methods for Tyr and its analogues 

There are many methods of detecting free Tyr and its analogues, pTyr and nTyr 

with each method having its drawbacks. To detect Tyr, most studies have used 

electrochemical methods [21]. The use of electrochemistry to detect Tyr dates back to the 

1980s, when the electro-oxidizable property of Tyr residues at carbon electrodes was 

discovered[22] [23]. This involves both two electron and two proton transfers [24]. The 

other methods of detecting Tyr are high performance liquid chromatography (HPLC)，

fluorescence [25], fluorimetry and liquid chromatography-mass spectrometry (LC-MS) 

[26]. These methods have provided good results but have several limitations such as a 

complex treatment process, a time-consuming process and the consumption of reagents. 

Only a few studies have detected pTyr but in peptides and not as a free amino acid [27–

29]. 

For the detection of nTyr, a variety of methods have been used from 

immunochemical methods to mass spectroscopic methods (Figure 1.3) [30,31]. The study 

of protein tyrosine nitration dates back to 1992 by Joseph Beckman who developed 

antibodies that recognized nitrated proteins [30]. Then in 1995, the first analytical 

technique, high performance liquid chromatography with ultraviolet detection (HPLC-

UV), to quantify levels of free nTyr in serum and synovial fluid of patients with rheumatoid 

arthritis was developed by Barry Halliwell's group. A review of 285 references for 

detecting nTyr, published in 2001, found that 66% of studies used immunohistochemistry 

and 4% used a combination of both immunological and analytical methods [30]. Out of the 
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66% of studies that used immunohistochemistry, 13% used western blot, 3% enzyme-

linked immunosorbent assay (ELISA), 2% immunoprecipitation followed by western blot, 

11% High Performance Liquid Chromatography with Electrochemical Detection (HPLC-

EC), 3% HPLC-UV and 2% Gas Chromatography Mass Spectrometry (GC-MS). This 

review found that there were discrepancies between the reported values of nitrated protein 

in studies using a combination of both techniques. However, the best strategy is still to use 

a combination of both methods as they provide information on the location, specific protein 

and magnitude of nitration [30]. 

 

Figure 1.3. Scheme of detection methods for nTyr [31]. 
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1.3.1 Traditional analytical methods  

The traditional methods of detecting nTyr can be separated into three groups: (1) 

immunological methods; (2) liquid chromatography, such as HPLC-based methods that 

use ultraviolet-visible (UV/VIS) absorption, electrochemical (ECD) and diode array 

(DAD) detection, LC-MS and liquid chromatography-tandem mass spectrometry (LC-

MS/MS); and (3) gas chromatography, such as GC-MS and gas chromatography-tandem 

mass spectrometry (GC-MS/MS) [32]. The traditional method of detecting nTyr in 

biological samples was LC-MS/MS, which was believed to provide greater specificity and 

sensitivity when compared to GC-MS/MS, which requires volatilization [31]. Over time, 

MS has become the analytical method of choice for the mapping of peptides and 

nitropeptides [31]. Immunological methods like ELISA are straight-forward and are the 

least time-consuming; however, they do not provide accurate results [32].  HPLC methods 

do not require a derivatization step due to nTyr’s chemical properties whereas GC-based 

methods require it before analysis, which becomes a time-consuming method [32].  

However, GC-based methods provide the highest sensibility while HPLC is not considered 

to provide accurate results [32]. Although these methods of detection were able to quantify 

Tyr and its analogues, an alternative method is required in order to overcome the challenges 

of costly instruments, time constraints, and low sensitivity. 

1.3.2 Alternative method of detection: use of nanomaterials 

Nanomaterials have received great attention over the last century in many different 

fields (Figure 1.4). They can range from zero-dimensional to three-dimensional and 

measure less than 100 nm in size [33]. Nanomaterials are categorized into different types 

based on how they are made, their size and their make-up: carbon-based nanomaterials, 
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metal-based nanomaterials, lipid-based nanomaterials, semiconductor nanomaterials and 

polymeric nanomaterials [33]. They are synthesized using biological, chemical or physical 

methods with the biological method being the most convenient and eco-friendly one [34]. 

The synthesis of nanomaterial uses two different approaches: top-down and bottom-up. 

The top-down approach involves using the bulk material to divide it into nanomaterials 

whereas the bottom up involves starting with the molecular and atomic level and working 

towards the production of nanoparticles [35]. 

There are many advantageous applications of nanomaterials in sensors, catalysis, 

and environmental monitoring (Figure 1.1) [36].  Graphdiyne, a two-dimensional material, 

has been used to detect amino acids (glycine, glutamic acid, histidine and phenylalanine) 

through the changes in electronic conductivity of the material, making it useful as 

biosensors [37]. 

 

Figure 1.4. (A) Diagram of the application of nanomaterials; (B) diagram outlining the 

synthesis of nanomaterials using either the top down or bottom-up approach [35]. 
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1.3.2.1 Carbon dots (CDs) 

CDs are a new class of carbon-based nanomaterials that are zero-dimensional, and 

they measure below 10 nm in size. Xu et al. discovered CDs by chance when they were 

purifying single-walled carbon nanotubes (SWCNT) by electrophoresis [38]. The synthesis 

and characterization of CDs has been greatly explored in the last decade [39]. Since 2008 

to 2018, the number of publications related to CDs and their advantageous properties have 

rapidly increased from only 528 in 2008 to more than 5000 in 2018. CDs have gotten 

attention due to the low cost associated with their synthesis and their easy preparation. 

These fluorescent nanoparticles are synthesized either by the breakdown of large carbon 

raw materials (carbon soot [40], carbon fiber [41], activated carbon [42], carbon black [43] 

and graphene [44]) or by the synthesis of materials containing carbon (citric acid [45–47], 

polyols [48] and amino acids [49]) (Figure 1.5). CDs are composed of sp2 hybridized 

carbon atoms along with oxygen, nitrogen and other heteroatoms [50,51] and do not have 

a perfect crystal structure [40,52–54]. There are three different types of CDs: graphene 

quantum dots (GQDs), carbon nanodots (CNDs), and carbon quantum dots (CQDs). These 

three types of CDs differ in their structure. GQDs are disc-shaped; CNDs are amorphous 

quasi-sphere; and lastly CQDs are spherical and crystal in structure [55]. There are inter 

sp2-hybridized carbon atoms in the core of CDs, with many functional groups on their 

surface such as amino, epoxy, ether, carbonyl, hydroxyl, and carboxylate [56]. The 

conjugated π bonds and surface defects of CDs influence their conductivity, optical 

properties, and catalytic activity [57]. In addition, CDs have excitation-wavelength-

dependent emission properties in which the emission wavelength redshifts and the emission 

intensity decreases as excitation wavelength increases. CDs are water soluble due to the 
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rich hydrophilic groups on their surfaces. They can be easily functionalized through 

derivatization with recognition molecules like antibodies and aptamers due to their surface 

residues of carboxyl and amino groups. When compared to metal fluorescent nanomaterials 

like gold nanodots, CDs possess a greater brightness and stability [58]. CDs are more 

biocompatible as they can be synthesized from wealthy organic compounds whereas 

quantum dots are prepared from semiconductor materials [59]. Quantum dots made from 

semiconductor materials are known to photoblinking and photobleaching but this is not 

seen in CDs [39]. Moreover, CDs can be modified in their synthesis to get desirable optical 

properties like an enhancement of their red emission intensity and quantum yields [60]. 

The tuning of CDs can be achieved through control of their core and surface structures and 

doping with heterogeneous atoms like nitrogen [60]. CDs are also catalytic and are able to 

catalyze many reactions like water-splitting [61–63], cyclohexane oxidation [64], and CO2 

reduction [65]. These unique properties of CDs allow them to be used in biological 

applications. 

Due to the advantageous properties of CDs, they have been widely used in sensing 

applications, drug delivery and bioimaging. They have desirable properties such as optical 

properties, low toxicity, and high biocompatibility [66]. They are used in sensing 

applications for the detection of ions, biological pH value, protein and enzymes, vitamins, 

and nucleic acid, etc. [67].The use of CDs in quantifying metals provides a better approach 

than the traditional methods of atomic absorption and emission, auger-electron, absorption 

in the ultraviolet-visible region [68]. Mercury ions were detected using CDs synthesized 

by household flour with a low LOD of 0.5 nM in the linear range of 0.0005–0.01 μM [68]. 

In the presence of mercury ions, the fluorescence of the CDs was quenched [68]. Not only 
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have CDs been used to detect metal ions, but they have also been used to sense chemical 

compounds like flavonoids. One type of flavonoid, quercetin, was detected using CDs 

made from 1-butyl-3-methylimidazolium tetrafluoroborate with a LOD of 9.88×10−8 mol 

L−1in the linear range of 2.87×10−6 to 31.57×10−6 mol L−1 [69]. CDs made from a one-step 

microwave assisted-reaction using formamide and glutathione have been used to monitor 

temperatures in the range of 5–60 °C with a thermal resolution of 0.048 K−1 and thermal 

sensitivity of 1.97% C−1 [69]. These CDs were also able to sense pH changes in living cells 

in a ratiometric manner [69]. 

In addition to applications in sensing, CDs are used in drug delivery. One particular 

study used CDs synthesized by harmful cyanobacteria for cell imaging and anticancer drug 

delivery [70]. The use of CDs as tags for this application was able to deliver doxorubicin 

(DOX) to the targeted cancer cells and allow for the sensing of the cells through the 

fluorescence activation of the cells for imaging [70]. Another study used luminescent CDs 

as caps on the surface of mesoporous silica nanoparticles (MSPs) to deliver drugs on-

demand and image cells both in vitro and in vivo [71]. The CDs contained many carboxylic 

acid groups on the surface which allowed them to serve as gates for the release of DOX, 

incorporated into MSP, when the pH changes [71]. The use of CDs in drug applications 

provide incredible advantages in cancer and have been widely used. 

Lastly, CDs have been used for bioimaging, which allow for the visualization of 

different cellular components pf cells. One particular study used near-infrared emissive 

CDs made from glutathione and formamide to visualize human breast cancer cell lines 

under a confocal imaging technique. Once the CDs were incubated with the cells, deep-red 

emission was observed [72]. Thus, the CDs are considered to be both one-photon and two-
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photon bioimaging agents [72]. In conclusion, the properties of CDs make them suitable 

for use in biosensing, drug delivery and bioimaging. 

 

Figure 1.5. (A) Scheme of CD synthesis; (B) scheme of the three types of CDs [55]. 

1.3.3.2 Detection of Tyr and its analogues using nanomaterials 

Various methods have incorporated the use of nanomaterials in sensing Tyr and its 

analogues, pTyr and nTyr. These methods can be divided into two main groups: 

electrochemical methods and optical methods.  
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1.3.3.3 Nanomaterial-based electrochemical sensors  

Since Tyr is an electroactive amino acid, electrochemistry has been widely used for 

its detection [73]. Electrochemical sensors use voltammetric or amperometric techniques 

to detect small metabolites like Tyr and its analogues. They can be divided into two 

categories of sensors using the method: direct or indirect (Figure 1.6) [74]. The direct 

method involves using the redox reactions of the analyte of interest at a given applied 

potential without any receptors on the electrode [74]. This allows for a simple method of 

determining the concentration of the analyte. However, this method has its disadvantages 

because it is only limited to analytes that can carry out oxidation and reduction and when 

it comes to selectivity, there is interference by other redox molecules. The indirect method 

involves the use of receptors on the electrode and can be further classified into three groups: 

electrocatalytic, aptamer, and molecularly imprinted polymers (MIPs) [74]. 

Electrocatalytic biosensors use the electrocatalytic activity between the enzyme and 

substrate to detect the resulting electroactive species, quantifying through amperometric or 

voltammetric techniques [75]. Aptamers are single stranded DNA or RNA molecules; 

aptamer-based sensors use their unique ability to bind the analytes and are placed on the 

receptors, increasing its sensitivity [76].  Lastly, MIPs are artificial receptors created by 

polymerizing a monomer with its template (analyte) and then extracting the template. This 

creates binding spots that are available for the analyte to bind on the receptor [77]. 



14 

 

 

Figure 1.6. Scheme of electrochemical sensors for detection of small metabolites like Tyr 

and its analogues [74]. 

Incorporating nanomaterials into these different types of electrochemical sensors 

have greatly influenced the sensitivity of detecting Tyr and its analogues and provided 

many advantages. Table 1.1 shows the different nanomaterial-based electrochemical 

sensors used to detect Tyr and its analogues. There are many different combinations of 

nanomaterials that are used with low detection limits. The use of MIP provides a high 

surface-to-volume ratio, increasing the number of binding sites available for the analyte to 

bind. One study used MIP/reduced graphene oxide (RGO) composite in order to detect 

tyrosine and uric acid at the same time with a limit of detection of 0.046 μM and 

0.0032 μM, respectively [78]. This sensor was also selective to the two analytes as tested 
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in human serum and urine [78]. The use of MIP along with the RGO nanosheet as an 

electrode increased electron transfer rate, increased the available binding sites on the sensor 

and increased the specific surface area [78]. Similarly, MIPs have also been used in 

combination with gold nanoparticles to detect nTyr, One study used an electropolymerized 

pyrrole MIP doped with gold nanoparticles (AuNPs) on a glassy carbon electrode (GCE), 

modified with activated multiwall carbon nanotube at graphene oxide nanoribbons 

(AMWCNT@GONRs) to detect nTyr with a limit of detection of 50.0 nM [79]. The use 

of MIP with nanosheets allowed for selective binding sites with greater catalytic and 

electron migration ability. This sensor used square wave stripping voltammetry (SWSV) 

techniques to quantify nTyr and was able to detect nTyr in human blood serum and urine 

samples. The MIP sensor was also more advantageous than using HPLC as it was very 

time efficient (only 4 min compared to 50 min with HPLC), low costs and reproducible. 

The use of AuNPs into the polymer composite mediated the charge transfer process 

effectively. The polymer composite allowed for sensitive detection, selective behaviour 

towards nTyr, and good stability. 

Another common technique of sensing Tyr and its analogues is to modify the 

commonly used electrode, glassy carbon electrode with nanoparticles like carbon 

nanotubes. This modification of the bare carbon electrode by nanomaterials allows for 

improved sensitivity due to its unique electronic and mechanical properties [74]. Many 

studies have modified electrodes, either the glassy carbon electrode, graphite pencil 

electrode, carbon paste electrode, carbon ceramic electrode or screen-printed carbon 

electrodes with either graphene, carbon nanofibers, nanoparticles or carbon nanotubes in 

order to detect Tyr [80–105]. These studies have shown improved sensitivity in detecting 
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Tyr down to the nM range. Similarly, electrodes have been modified by nanomaterials in 

order to detect nTyr (Figure 1.7). One study modified the electrode with copper ferrite 

nanodots (CuFe2O4) entrapped by porous RGO nanosheets (Figure 1.4D) [106]. The use of 

this multi-conventional screen-printed carbon electrode (MSPE) with nanomaterials 

provided great sensitivity (LOD = 25.14 pM) and high selectivity in detecting nTyr in 

neutral pH solutions and was also applied to human serum and urine samples [106]. The 

methods used were cyclic voltammetry (CV) and amperometry. The nanocomposite 

(CuFe2O4 and RGO) was able to improve the electrocatalytic activity of nTyr, provided 

good conductivity and increased surface area [106]. Another study used a dual-imprinted 

electrochemical paper-based analytical device (Di-ePAD), modified by MIP consisting of 

silica nanosphere decorated with silver nanoparticles (SiO2@AgNPs) as a core covered 

with dual-analyte imprinted sites on the polymer to detect nTyr and 8-hydroxy-2′-

deoxyguanosine; the limit of detection was 0.0027 μM in the linear range of 0.01–500 μM 

[107]. SiO2@AgNPs were used to imprint the target molecules in order to increase 

surface/mass ratios, to have better solubilities, to increase easily accessible recognition 

sites and to improve binding capabilities of the target [107]. Using this nanomaterial-based 

electrochemical sensor provided the lowest detection limit for nTyr than other studies that 

have used zirconium dioxide (ZrO2) sheathed reduced graphene oxide nanocomposites 

(ZrO2@rGO NCs), imprinted bimetallic Fe/Pd (BI-Fe/Pd) nanoparticle modified pencil 

graphite electrode [108], AuNPs/MIP/AMWCNT@GONRs [79], and cadmium tungstate 

(CdWO4) nanodots decorated with reduced graphene oxide nanocomposite (CdWO4 

ND@RGO) modified screen-printed electrode [109]. Modifying electrodes using 
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nanomaterials has greatly influenced the ability to detect Tyr and its analogues leading to 

improved sensitivity and high selectivity.  

 

Figure 1.7. Scheme of nanomaterial-based electrochemical sensors for the detection of 

nTyr: (A) [109], (B) [79], (C) [110], (D) [106], (E) [107], (F) [108].  

In addition, nanomaterials have been used as the electrode to measure Tyr. One 

study used carbon nanomaterial-based Teflon filtered electrodes (FEs) to detect Tyr with 

only 50 μL of sample in less than 1 min [111]. This was useful in detecting Tyr in the linear 

range of 25 to 750 μM with a LOD of 8 μM and in real life samples of blood and plasma. 

Similarly, electrochemical cells made from nanomaterials have been used to detect Tyr. 

One study used xurography-enabled thermally transferred (XTT) carbon nanomaterial-

based electrochemical sensors to detect Tyr with a LOD of 0.1 μM in the linear range of 

0.5–100 μM [112]. This sensor provided accurate quantification of Tyr in clinical samples 

with low errors [112]. A SWCNT-arrayed microelectrode chip was used to detect Tyr in 
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the linear range of 0.1 to 1 μM with a LOD 100 μM [113]. When compared to using a bare 

Pt microelectrode, the peak intensities with the SWCNT-arrayed microelectrode were 100 

times higher [113]. In conclusion, the use of nanomaterials in electrochemical sensors has 

greatly improved the sensitivity of detecting Tyr. 
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Table 1.1. Nanomaterial-based electrochemical sensors for detecting Tyr and nTyr using 

electrochemistry. 

Type of Nanomaterial Analyte Limit of detection (LOD) Reference 

polyoxometalate functionalized reduced 

graphene oxide (rGO) modified glassy 

carbon electrode (GCE) 

Tyr 2.0 × 10−12 M [88] 

carboxylic acid functionalized multi-

walled carbon nanotubes modified 

carbon paste electrode 

Tyr 14.0 ± 1.36 nM [80] 

single-walled carbon nanotube 

(SWCNT)-arrayed microelectrode chip  

Tyr 100 nM  [113] 

carbon paste electrode 

modified with multi-walled carbon 

nanotubes 

Tyr 1×10-7 M [81] 

xurography-enabled thermally 

transferred (XTT) carbon nanomaterial 

Tyr 0.1 μM [112] 

molecularly imprinted polymer 

(MIP)/reduced graphene oxide (RGO) 

composite 

Tyr 0.046 μM [78] 

glassy carbon electrode (GCE) modified 

with a film composed of Nafion and 

TiO2-graphene (TiO2-GR) 

nanocomposite 

Tyr 2.3 μM [82] 

graphene-modified graphite pencil 

electrode 

Tyr 0.07 μM [87] 

multiwall carbon nanotubes (MWNTs) 

film modified electrode  

Tyr 3.5×10−7 mol L−1 [90] 

glassy carbon electrode that was 

modified with a composite made from 

graphene oxide (GO) and multiwalled 

carbon nanotubes (MWCNT) 

Tyr 4.4 nM and 14.7 nM [83] 

a simple electroanalytical device based 

on filtered multi-walled carbon 

nanotubes (MW-FEs) 

Tyr  8 μM [111] 

 1D morphology (single walled CNTs) Tyr  0.61 nM [101] 
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along with tyrosinase as the bioreceptor 

multi-walled carbon nanotubes and poly 

(Bromocresol purple) modified carbon 

paste electrode 

Tyr 1.91 × 10−7 M [93] 

copper oxide nanoparticles (CuO-NPs) 

at a carbon ceramic electrode (CCE) 

Tyr 160 nM [86] 

Aluminium doped copper selenide 

nanoparticles (Al-CuSe-NPs), were 

used to modify screen printed carbon 

electrode (SPCE) 

Tyr  0.04 μM [89] 

cubic gold nanoparticles (cAuNPs) 

involved in 2-aminoethanethiol (2-AET) 

functionalized graphene oxide (GO) 

modified glassy carbon (GC) electrode 

Tyr 1.5 × 10−10 M [84] 

cupric oxide decorated on β-

cyclodextrin (CuO/β-CD) 

nanocomposite modified glassy carbon 

electrode 

Tyr  0.0082 μM [102] 

Au-nanoparticles/poly-eriochrome black 

T film modified glassy carbon electrode 

(AuNPs/PEBT/GCE) 

Tyr 10 nM [94] 

Au-nanoparticles/poly-Trypan Blue 

modified glassy carbon electrode 

(AuNPs/poly-TrB/GCE) 

Tyr 0.008 μmol L− 1 [96] 

surface modification of a glassy carbon 

electrode (GCE) with Nafion and 

cerium dioxide nanoparticles 

Tyr ~90 nM  [97] 

magnetic nanoparticles-zinc oxide/zinc 

hexacyanoferrate (Fe3O4NP-

ZnO/ZnHCF) hybrid film 

electrodeposited on the surface of a Pt 

electrode as working electrode 

Tyr 4 μM [98] 

immobilization of hemin onto the poly 

(amidoamine)/multi-walled carbon 

nanotube (PAMAM/MWCNT) 

nanocomposite film modified glassy 

carbon electrode (GCE) 

Tyr 0.01 μM  [99] 

Table 1.1 continued 
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NiO/CNTs and (2-(3,4-

dihydroxyphenethyl)isoindoline-1,3-

dione) (DPID) modified carbon paste 

electrode 

Tyr  1.0 μM [103] 

Fe-doped hydroxyapatite (Fe-HA) 

nanoparticles and tyrosinase modified 

glassy carbon electrode 

Tyr 245 nM [104] 

hemin modified graphene nanosheet 

(HGN) 

Tyr 7.5 × 10−8 M [114] 

single-walled carbon nanotubes 

(SWCNTs) modified glassy carbon 

electrode (GCE/SWCNTs) 

Tyr 9.3×10−8 mol/L [91] 

 cerium doped hydroxyapatite (Ce-HA) 

nanoparticles modified glassy carbon 

electrode 

Tyr 0.072 µM [115] 

immobilization of tyrosine hydroxylase 

onto palladium-platinum bimetallic 

alloy nanoparticles/chitosan-1-ethyl-3-

methylimidazolium 

bis(trifluoromethylsulfonyl) 

imide/graphene-multiwalled carbon 

nanotubes-IL/glassy carbon electrode 

Tyr 0.009 × 10−9 mol L−1 [100] 

Ultrathin (UT) g-C3N4/Ag hybrids Tyr 1.40 × 10−7mol L−1 [95] 

Carbon nanofibers (CNFs) modified 

carbon paste electrode 

Tyr  0.1 μM [85] 

copper nanoparticle-modified carbon 

paste electrode (n-CPE)  

Tyr  0.77 μM [92] 

reduced graphene oxide (rGO) and 

acetylene black (AB) 

Tyr 0.06 μM [105] 

electropolymerized pyrrole molecularly 

imprinted polymer (MIP) doped with 

gold nanoparticles (AuNPs) on a glassy 

carbon electrode (GCE) modified with 

activated multiwall carbon nanotube @ 

graphene oxide nanoribbons 

(AMWCNT@GONRs) 

nTyr 50.0 nM [79] 

Table 1.1 continued 
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cadmium tungstate (CdWO4) nanodots 

decorated reduced graphene oxide 

nanocomposite (CdWO4 ND@RGO) 

modified screen-printed electrode 

nTyr 3.24 nM [109] 

imprinted bimetallic Fe/Pd (BI-Fe/Pd) 

nanoparticle 

nTyr  1.20 µg L−1 and 3.25 µg 

L−1 

[108] 

silica nanosphere decorated with silver 

nanoparticles (SiO2@AgNPs) as a core 

covered with dual-analyte imprinted 

sites 

nTyr 0.0027 μM [107] 

zirconium dioxide (ZrO2) sheathed 

reduced graphene oxide (ZrO2@rGO 

NCs) nanocomposites 

nTyr 9 nM [110] 

copper ferrite nanodots (CuFe2O4) 

entrapped by porous RGO nanosheets 

nTyr 25.14 pM [106] 

 

1.3.3.2 Nanomaterial-based optical sensors  

Extensive research has been done with nanomaterials-based electrochemical 

sensors to detect Tyr and nTyr. However, only a very limited number of studies have used 

nanomaterial-based optical sensors to detect Tyr and its analogues (Table 1.2). Optical 

sensors for detecting Tyr and its analogues involve the use of colour change or change of 

intensity of emitted light to quantify the analyte of interest through colourmetric and 

fluorescence readouts [116]. Nanomaterial-based optical sensors have mainly used 

fluorescence spectroscopy to detect Tyr and nTyr. Fluorescence spectroscopy provides an 

easy to use, most used and inexpensive technique in sensing applications. Carbon dots 

made from waste coconut coir (C-dots) have been used to detect Tyr at room temperature 

in the linear range of 1-100 nM with a LOD of 0.96 nM [117]. Compared to the twenty 

amino acids (aspartic acid, serine, alanine, glycine, leucine, isoleucine, proline, valine, 

phenylalanine, Tyr, tryptophan, histidine, glutamic acid, cysteine, asparagine, glutamine, 

Table 1.1 continued 
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lysine, arginine, methionine, and threonine) tested, only Tyr exhibited fluorescence 

quenching at excitation and emission wavelengths of 295 nm and 530 nm, respectively 

[117]. The mechanism of quenching is attributed to the capability of the phenol group of 

Tyr to conduct an extreme charge transfer process between the C-dots. In addition, 

hydrogen bonding between the functionalized groups of the C-dots and Tyr are present as 

indicated by the shift in the fluorescence emission spectrum (inter-hydrogen bonding) 

[117]. This indicated that a binding interaction occurred and was calculated to be 296.38 

nM−1 [117]. Another study used Tm upconversion nanoparticles (UCNPs) and melanin-like 

polymers to detect Tyr in the linear range of 0.8–100 μΜ and with a LOD of 1.1 μΜ [118]. 

Tyrosinase was added to the UCNPs and it formed melanin-like polymers in the presence 

of Tyr that quenched the fluorescence through photoinduced electron transfer (PET) 

process [118]. This sensor is based on the help of tyrosinase, which oxidizes Tyr and helps 

to form melanin and melanin-like polymers, which are efficient quenchers [118]. An 

amino-modified capillary in combination with metal organic framework and near-infrared 

quantum dots silicon were used to detect Tyr in the linear range of 1.0 × 10−10 to 2.5 × 10−8 

M, with a LOD of 8.0 × 10−11 M using a dual-emission approach [119]. In the presence of 

Tyr, the blue fluorescence at 424 nm was quenched while the red fluorescence at 688 nm 

did not and served as the reference signal [119]. The mechanism of quenching is due to the 

inner filter effects between the metal organic framework and Tyr [119]. Both circular 

dichroism (CD) spectroscopy and fluorescence spectroscopy were used to detect 

enantiomers of Tyr. L-cysteine-capped CdTe quantum dots (L-Cys/CdTe QDs) were used 

to detect both L-Tyr and D-Tyr in the linear range of 10–80 µM with LODs of 1.5 and 1.6 

µM, respectively with CD spectroscopy [120]. CD spectroscopy provided lower LODs for 
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the detection of Tyr enantiomers compared to fluorescence spectroscopy, which only 

provided a LOD of 2.9 µM for L-Tyr and 4.8 µM for D-Tyr in the linear range of 5–90 µM 

[120]. In the presence of 200 μM of L-Tyr and D-Tyr, 82% and 74% quenching was 

observed [120]. Energy band gaps of 2.59 eV and 2.10 eV were calculated for the 

interaction between the QDs and Tyr enantiomers, L-Tyr and DTyr, respectively [120]. 

The high binding gap for QD and L-Tyr provides a stronger interaction leading to more 

quenching that was observed [120].171 Luminescence has also been used to detect Tyr. One 

particular study used Eu-Ciprofloxacin complex doped in sol-gel matrix to detect Tyr in 

acetonitrile at pH 9.1 and at an excitation wavelength of 380 nm [121]. In the presence of 

increasing concentrations of Tyr, the luminescence intensity of the Eu-Ciprofloxacin 

complex decreases [121]. This nano optical sensor had a LOD of 1.0×10−10 mol L−1 in the 

linear range of 1.2×10-6 to 1.0×10-9 mol L−1 [121]. Colorimetric assays using gold 

nanoparticles have also been used to detect Tyr [122–125]. 

Similarly, fluorescence spectroscopy and luminescence were used to detect nTyr 

with the help of nanomaterials like bio-inspired molecularly imprinted polymer as a 

receptor and green emitting carbon dots (CDs) as a signal transducer (BMIP@CDs) [126], 

hybrid material (AuNCs@ZIF-8) synthesized by encapsulating gold nanoclusters (AuNCs) 

into the zeolitic imidazolate framework (ZIF-8) [127], and binuclear Pt-2-

pyrazinecarboxylic acid (pca)-Bipyridine (bpy) complex doped in sol-gel matrix (Figure 

1.8) [128]. In all three systems, the fluorescence intensity decreased as nTyr concentration 

increased as plotted by the fluorescence emission spectrum. The sensor using BMIP@CDs 

are quenched through a photoinduced electron process from the excited CDs to nTyr 

(Figure 1.8A) [126]. The sensor using AuNCs@ZIF-8 were most likely quenched through 
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an electron transfer process from the amino group to the aromatic ring of nTyr (Figure 

1.8B)  [127]. Lastly, the sensor using the zeolitic imidazolate framework were quenched at 

the 528 nm emission band due to nTyr oxidizing Pt complexes (Figure 1.8C) [128]. These 

studies had LODs in the nanomolar range. Thus, the use of nanomaterial-based optical 

sensors provides a great tool for the detection of Tyr and its analogues as demonstrated by 

these studies. 

 

Figure 1.8. Scheme of nanomaterial-based optical sensors for detecting nTyr using bio-

inspired molecularly imprinted polymer as a receptor and green emitting carbon dots (CDs) 

as a signal transducer [126], hybrid material (AuNCs@ZIF-8) synthesized by 

encapsulating gold nanoclusters (AuNCs) into the zeolitic imidazolate framework (ZIF-8) 

[127], and binuclear Pt-2-pyrazinecarboxylic acid (pca)-Bipyridine (bpy) complex doped 

in sol-gel matrix [128]. 
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Table 1.2. Nanomaterial-based optical sensors for detecting Tyr and nTyr. 

Method Used Material Analyte Linear 

range 

Limit of 

Detection 

(LOD) 

Reference  

Fluorescence 

spectroscopy 

Carbon dots 

prepared using 

waste coconut coir  

Tyr 1-100 nM 0.96 nM [117] 

Fluorescence 

spectroscopy 

Nitrogen doped 

carbon dots mixed 

with potassium 

triiodide 

Tyr 

  

0.931 –5.35 

μM 

950 nM 
[129] 

Fluorescence 

spectroscopy 

  

fluorescent green 

carbon quantum 

dots (G-CQDs) 

from the latex of 

Ficus 

benghalensis as 

the carbon source 

and 

polyethyleneimine 

as the nitrogen 

source 

Tyr 0 to 100 μM 0.13 μM 
[123] 

Fluorescence 

spectroscopy 

graphene quantum 

dots 

Tyr 1.0–160 

μmol L−1 

0.5 μmol 

L−1 

[130] 

Fluorescence 

spectroscopy 

NaYF4:Yb, Tm 

upconversion 

nanoparticles 

(UCNPs) and 

melanin-like 

polymers 

Tyr 0.8–100 μΜ 1.1 μΜ [118] 

Fluorescence 

spectroscopy 

luminescence 

metal organic 

framework and 

near-infrared 

quantum dots 

Tyr 1.0 × 10−10 - 

2.5 × 10−8 

M 

8.0 × 10−11 

M 

[119] 
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silicon embedded 

into the imprinted 

layer, grown up 

on the inner 

surface of amino-

modified capillary 

Circular 

Dichroism 

spectroscopy 

and 

Fluorescence 

spectroscopy 

L-cysteine-capped 

CdTe quantum 

dots (L-Cys/CdTe 

QDs) 

Tyr 5 × 10−6 to 

9 × 10−5 M 

2.9 × 10−6 [120] 

Luminescence   nano optical 

sensor Eu–

ciprofloxacin 

doped in a sol–gel 

matrix 

Tyr 1.2 × 10−6 -  

1.0 × 10−9 

mol L−1 

1.0 x 10-10 

mol L-1 

[121] 

Colourimetric 

assay, UV-vis 

spectroscopy 

and vibrational 

spectroscopy 

 aggregated Au 

nanoparticles 

upon N-

hydroxysuccinimi

de ester 

bioconjugations 

Tyr  N/A ∼10−6 M [125] 

Liquid crystal  gold 

nanoparticles 

(AuNPs) 

Tyr  1–100 μΜ 0.2 μΜ [131] 

Colourimetric 

assay 

tetrachloroaurate 

and gold 

nanoparticles 

Tyr 2–200 μΜ 8 × 10−7 mol 

L−1 

[124] 

Colourimetric 

assay 

 gold 

nanoparticles 

Tyr 20–200 μΜ 2.5 μΜ [122] 

Fluorescence 

spectroscopy 

bio-inspired 

molecularly 

imprinted polymer 

as a receptor and 

green emitting 

carbon dots (CDs) 

as a signal 

transducer 

nTyr 0.050–1.85 

μM  

17 nM  [126] 

Table 1.2 continued 
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Fluorescence 

spectroscopy 

hybrid material 

(AuNCs@ZIF-8) 

synthesized by 

encapsulating gold 

nanoclusters 

(AuNCs) into the 

zeolitic 

imidazolate 

framework (ZIF-

8) 

nTyr 5−200 nM 1.8 nM [127] 

Luminescence binuclear Pt-2-

pyrazinecarboxyli

c acid (pca)-

Bipyridine (bpy) 

complex doped in 

sol-gel matrix 

nTyr 0.795-

18500 nM 

0.47 nM [128] 

 

1.4 Thesis experimental rationale 

Given the desirable and tunable optical properties of CDs, they are valuable probes 

for biosensors. This thesis will seek to gain a fundamental understanding of the interactions 

between CDs and biological molecules like amino acids. For example, understanding how 

such nanomaterials interact with specifically, Tyr and its analogues, is lacking and hinders 

progress in biomaterials research. In addition, recent discoveries of catalytic properties of 

CDs indicate their ability to drive biologically relevant transformations and could 

potentially be used as indicators of such transformations, which is of interest. This thesis 

focuses on the application of nanomaterials, specifically, CDs as biosensors. The objectives 

of this thesis are the following: firstly, to explore the photophysical properties of CDs using 

fluorescence spectroscopy and UV-vis spectroscopy; secondly, to investigate CDs as a 

function of Tyr and its analogues pTyr and nTyr using fluorescence and UV-vis 

spectroscopy; and thirdly, to monitor in vitro nitration of tyrosine using CDs. Chapter 2 of 

Table 1.2 continued 
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this thesis outlines the interactions between Tyr, its analogues and CDs using UV-vis 

spectroscopy and fluorescence spectroscopy and provides insight into the mechanism of 

quenching by nTyr. Chapter 3 outlines the use of copper(II) and iron(III) as catalysts of 

Tyr nitration and explores the use of CDs to monitor nTyr formation. Lastly, Chapter 4 

provides conclusions and future work of this project. 
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Abstract 

The post-translational modification of amino acid plays a critical role in normal and diseased 

biological states. Specifically, nitrotyrosine (nTyr) has been linked to diseases, including 

neurodegeneration, among others. Hence, alternative methods are required for detection and 

differentiation of nTyr from other structurally similar analogues, such as Tyrosine (Tyr) or 

phosphotyrosine (pTyr). Herein, the selective detection of nTyr, over other congeners, was 

achieved by using dual-fluorescent carbon dots (CDs) in buffered solution, artificial saliva, bovine 

serum albumin and diluted equine serum. The nTyr induced fluorescence quenching of the blue 

and red emissions of CDs, in the 20 - 105 μM linear range, and with the limit of detection (LOD) 

at 34 μM, which was well below the physiological concentration required for detection. The sensor 

was functional at biological pH values, with optimal quenching efficiency at basic pH. The sensor 

was highly selective for nTyr even in the presence of common biological interferences (metal 

cations, organic anions, amino acids, nucleosides and other biologicals). The mechanism of 

quenching (a combination of static and dynamic) was ascribed to the combination of the 

nonradiative energy transfer, due to electronic overlap between nTyr absorbance and CDs 

fluorescence emission, and electron transfer from excited CDs state to nTyr as an electron acceptor. 

The dual-fluorescent CDs represent viable sensors for key biological modifications, and their 

selectivity and sensitivity may be further improved through tailored chemical synthesis of CDs, 

such as tunable surface chemistry to promote selective recognition of analyte of interest. 

 

2.1 Introduction 

The nitration of tyrosine (Tyr) plays a critical biological role and has been linked to various 

diseases, including neurodegeneration, heart disease and cancer, among others [1,2]. The nitration 
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is a covalent modification of one of the ortho groups of benzene ring with a nitro group (-NO2) 

from nitrating agents, such as nitrogen dioxide [3]. The nitration of Tyr residue results in the 3-

nitrotyrosine (nTyr) which is known to play a role in neurodegenerative disease like Alzheimer’s 

disease, such as the nitration of Tyr 10 in Amyloid beta which promoted aggregation [1]. The 

higher levels of nTyr are also indicative of oxidative stress and tissue damage, being implicated in 

cardiovascular diseases [2]. Moreover, nTyr is shown to be elevated in patients with mild asthma 

who are not undergoing corticosteroid therapy, but nTyr levels are reduced in those receiving 

therapy [4]. While nTyr is not detected in healthy plasma, it is elevated (10-60 μM) in diseases, 

such as renal failure [5]. Hence, monitoring nTyr level selectively is of interest, and differentiating 

this modification from a parent Tyr or from other type of post-translational modification is of 

importance. For example, the phosphorylation of Tyr (pTyr) involves the transfer of a phosphate 

group from adenosine triphosphate (ATP) to the hydroxyl group of Tyr by a protein kinase, and is 

involved in the cell signaling [6]. The overexpression of protein kinases and subsequent aberrant 

phosphorylation has been linked to cancers and neurodegeneration [7]. Given the distinct role of 

nTyr, it is crucial to develop effective analytical methods for selective detection and monitoring 

of nTyr compared to other Tyr analogues.  

Current methods of detecting Tyr and its analogues include tandem mass spectrometry [8], 

chromatography [9], electrochemical methods [10], and spectrophotometry, among others 

[11,12,13,14]. Specifically, a detection of Tyr and analogues using the fluorescence spectroscopy 

has been explored using nanomaterials. For example, the detection of nTyr, free amino acid, was 

reported by using zeolitic imidazolate framework (ZIF-8) [15], and sol-gel optical sensor doped 

with dinuclear platinum complex [16]. Alternative nanomaterials, such as fluorescent carbon dots 

(CDs), are easy to synthesize, exhibit low toxicity and offer versatile photophysical properties, 
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making them useful for a variety of applications [16-19]. Fluorescent CDs have been used for 

detection of toxic metal ions [20,21], drugs [22,23], and amino acids (aspartic acid, cysteine, and 

phenylalanine) [24-27]. Of interest are fluorescent CDs capable of detecting and differentiating 

nTyr from Tyr and pTyr. Tyr was detected with the fluorescent CDs and potassium triiodide, 

however, nTyr and pTyr were not measured [28]. The green, fluorescent CDs were used for 

detection of nTyr, however this sensor required the molecularly imprinted polymer and exhibited 

a long response time [29]. Alternative fluorescent CDs, which exhibit high selectivity, sensitivity, 

and rapid response, are needed for detection of nTyr and differentiation from other Tyr analogues. 

Herein, we evaluated the use of dual-fluorescent CDs, for the selective detection of nTyr 

against its analogues, Tyr and pTyr, using fluorescence and UV-vis spectroscopy. The aim of this 

study was three-fold: first, to understand the role of Tyr and its analogues on the photophysical 

properties of CDs; secondly, to determine the role of pH on the interactions between CDs and Tyr 

analogues, and lastly to validate the application of CDs for nTyr detection in biologically complex 

mixture, and in the presence of interferents. The zeta potential, lifetime, and electrochemical 

measurements were used to evaluate the mechanism of quenching. Data indicate that the dual-

fluorescent CDs are promising sensing platforms for selective detection and quantification of nTyr, 

which holds great promise in disease biomarker detection. 

2.2 Experimental section 

2.2.1 Synthesis of carbon dots (CDs) 

Carbon dots (CDs) were synthesized using a microwave-mediated one-step reaction with 

glutathione and formamide. Briefly, a 20 mL solution of 0.1 M glutathione in formamide was 

prepared and sonicated until the solution was clear. The mixture was then transferred to a 35 mL 

microwave reaction vial and heated to 180 °C for 5 min. Once cooled, the dispersion was dialyzed 
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using a cellulose ester dialysis membrane (molecular weight cut-off = 3.5-5.0 kDa) to remove 

unreacted materials and fluorophores. After, the sample was further purified through filtration (0.2 

μm nylon filter) to remove any large aggregates. Subsequently, the samples were washed twice 

with acetone and twice with ethanol (1:10, sample: solvent volume ratio) to remove the remaining 

impurities). After each wash, the precipitate was collected. The resulting material was then dried 

in the oven at 70 °C overnight. The CDs were characterized by using Fourier-transform infrared 

spectroscopy (FT-IR) and powder X-ray diffraction (XRD). FT-IR spectra were collected using a 

Thermo Scientific Nicolet iS5 equipped with an iD5 ATR accessory. Spectra were collected using 

64 scans, with a resolution of 0.4 cm−1, a gain of 1, an optical velocity 0.4747 and an aperture 

setting of 100. The data was processed using the Omnic 9 software package. The XRD analysis 

for the carbon dots was carried out using a 2nd Gen D2 Phaser X-ray diffractometer (Bruker AXS). 

Diffraction patterns were acquired using a Cu Ka source. The scan range was set from 10 to 80º 

with a step size of 0.05º and an integration time of 2 s. 

 2.2.2 Amino acid and CDs solution preparation  

The 2 mM stock solutions of each amino acid were prepared from solid in deionized water and 

stored at 5 °C.  A 6 mM stock solution of nTyr was prepared from solid in deionized water and 

stored at 5 °C. The 0.0033 mg/mL CDs solution was made in a buffer freshly from the CDs powder. 

 2.2.3 Buffer solution preparation 

The MES Buffer, pH 6.8 was prepared using 50 mM MES, 0.5 mM EDTA, and 100 mM NaCl. 

The pH was adjusted to 3, 6.8 or 10 by adding NaOH or HCl. 

2.2.4 CDs and amino acid titrations 

Prior to titration, 3 mL of 0.0033 mg/mL CDs solution in a buffer was freshly prepared and 

measured using UV-vis and fluorescence spectroscopy. For titration experiments, 8 μL aliquot, 
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followed by 9 consecutive 16 μL aliquots of specific amino acid were added to the CDs solution. 

After each addition, the sample was mixed and then promptly measured. The final concentrations 

of amino acid were 0.005, 0.015, 0.035, 0.045, 0.055, 0.0065, 0.0075, 0.085, 0.095 and 0.105 mM, 

unless otherwise mentioned. The final concentration of CDs was 0.0033 mg/mL. For pH dependent 

measurements, the MES Buffer used was at pH 3, 6.8 and 10. Control solutions were tested 

including amino acids alone, CDs alone, and the MES buffer only. All solutions were measured 

using fluorescence and UV-vis in triplicates. The data are reported as average triplicate 

measurements and error bars represent the standard deviation. 

2.2.5 Matrix sample preparation 

The equine serum matrix was prepared by diluting the stock solution by 10x in water. Prior to 

measurements, 100 μL of 0.0033 mg/mL CDs solution in 10x diluted equine serum was freshly 

prepared and 6.6 μL of 6 mM nTyr was added to 10x diluted equine serum. The control sample 

was 6.6 μL 10x diluted equine serum without any nTyr. 

Bovine serum albumin (BSA) matrix was prepared by dissolving solid in water to a final 

concentration of 1 mg/mL.  Prior to measurements, 100 μL of 0.0033 mg/mL CDs solution in 1 

mg/mL BSA was freshly prepared and 6.6 μL of 6 mM nTyr was added. The control sample was 

6.6 μL of 1 mg/mL bovine serum albumin without any nTyr. 

Artificial saliva was used as undiluted. Prior to measurements, 100 μL of 0.0033 mg/mL CDs in 

undiluted artificial saliva was freshly prepared and 6.6 μL of 6 mM nTyr was added. The control 

sample was 6.6 μL of undiluted artificial saliva without any nTyr. 

2.2.6 Interference Studies 

All interferent solutions were prepared from solids and were dissolved in water; the final 

concentration of each is listed in Table S1. Prior to measurements, 3 mL of 0.0038 mg/mL CDs 
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solution in MES buffer, pH 6.8, was freshly prepared and 152 μL of mixture containing the 2 mM 

of each Tyr, pTyr and nTyr was added. For measurements with interferents, 100 μL of 0.0033 

mg/mL CDs solution in MES buffer, pH 6.8 was freshly prepared and various interferents were 

added to obtain the final concentration listed in Table S1. The mixture was promptly measured. 

Next, 6.6 μL of 6 mM nTyr was added and the solution mixed and measured promptly.  

2.2.7 Fluorescence spectroscopy 

The fluorescence spectra of the samples were recorded using the Varian Cary Eclipse Fluorescence 

Spectrophotometer. The fluorescence emission spectra (430 - 800 nm) were obtained at an 

excitation wavelength of 420 nm using 1 cm quartz cuvette at a scan rate of 600 nm/min, 1 nm 

data interval and 5 nm slit. The total volume of the sample was 3000 µL. The fluorescence spectra 

of the samples were recorded using BioTek Cytation 5 in CORNING 96-well clear microplates. 

The total volume of the sample was 100 µL. Endpoint measures were obtained at an excitation 

wavelength of 420 nm and an emission wavelength of 679 nm. Triplicate experiments were carried 

out.  

2.2.8 UV-vis absorbance spectroscopy 

The UV-vis absorbance spectra (200 - 800 nm) were recorded using UV-2550 UV-vis 

spectrophotometer (Shimadzu) in a 1 cm quartz cuvette at a fast speed, 1 sampling interval and 2-

nm bandwidth. The total volume of the sample was 3000 µL. 

2.2.9 Zeta potential measurements 

The zeta potentials were measured in a disposable folded capillary cell using a Zetasizer Nano 

ZS (Malvern Panalytical). An average of 3 readings were used for analyses, and data were 

collected in duplicates. 
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2.2.10 Fluorescence lifetimes measurements 

The fluorescence lifetimes were acquired using an EasyLife X fluorescence lifetime system 

(Optical Building Blocks Corporation). The spectra were collected in a 1-cm quartz cuvette, using 

a 368-nm pulsed picosecond LED excitation source. An emission slit width of 1.5 mm, 500 

channels, 0.25 s integration time and an average of 3 readings were used for analysis. The data 

were processed and analyzed using the OBB EasyLife X software and collected in duplicates. 

2.2.11 Electrochemical measurements  

The cyclic voltammetry (CV) measurements were acquired using the Autolab PGSTAT302N by 

Metrohm AG, and a standard 3-electrode system consisting of a glassy carbon working electrode, 

a Ag/AgNO3 reference standard electrode, and a platinum wire as the counter electrode. The 

potential range was set from -1.5 V to 1.5 V at a scan rate of 100 mV/s and swept from a positive 

direction. A solution of 0.0033 mg/mL CDs in 0.1 M TBAF and ACN was used for electrochemical 

measurements.  The control samples tested include: ACN only, and TBAF only solutions. The 

nTyr solution (1 mM) was measured in the phosphate buffer saline, pH 7.4, with the glassy carbon 

electrode, Ag/AgCl reference electrode, and platinum wire as the counter electrode. 

 

2.3 Results and discussion 

2.3.1 Synthesis and characterization of dual fluorescent carbon dots 

Dual-fluorescent carbon dots (CDs) were prepared in a one-step microwave-assisted reaction using 

formamide and glutathione as previously reported [21]. Transmission electron microscopy (TEM) 

images of the CDs (Figure 2.1A) show that the dots are monodispersed with the Gaussian size 

distribution spanning 3 - 13 nm with an average size distribution of 7.8 ± 2.2 nm (Figure 2.1A 

inset), and lack crystallinity. As shown in Figure 1B, there is an absence of crystalline reflection 
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with an amorphous halo spanning 10-80° 2θ in the X-ray diffraction pattern, which is expected in 

such materials. In addition, the lack of the peak centred at 27° 2θ is characteristic of the (002) 

diffraction plane of graphitic structures [22-24]. The FT-IR spectrum shows a broad peak at 3000-

3500 cm-1, indicative of the O-H and N-H stretching vibrations that stem from the 

hydroxyl/carboxyl and amine groups (Figure 2.1C).  

 

 
 

Figure 2.1. (A) TEM image of the CDs dispersion in water. The calculated particle diameter is 

7.8 ± 2.2 nm.  Inset: Gaussian size distribution spanning 3-13 nm; (B) XRD pattern of the CDs 

highlighting an amorphous halo in the range of 10-80° 2θ; (C) FTIR spectrum of CDs 

highlighting the presence of amide and carbonyl functional groups; (D) UV-vis and (E) 

fluorescence emission and excitation spectra of CDs ([CDs] = 0.033 mg/mL; MES Buffer, pH 

6.8).  
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The presence of amide bonds is confirmed with stretches at 1655 cm-1 and 1359 cm-1, which are 

attributed to the C=O and C-N stretches, respectively. The peak at 1574 cm-1 is assigned to the 

presence of C=C/C=N bonds. To explore the application requirements of CDs in a biological 

setting, the optical properties were investigated in MES Buffer, pH 6.8, to reflect the pH of 

neurons. UV-vis absorbance spectroscopy highlighted three distinct absorbance bands for CDs at 

290-350 nm, 370-450 nm and 590-690 nm (Figure 2.1D). The first band is ascribed to the π-π* 

transition of CDs [30], while the second band corresponds to the n-π* transition of C=O/N-H 

groups in CDs. The bands in the 590 - 690 nm region are assigned to n-π* transitions due to the 

presence of polar surface groups such as C=N, C=O and C=S groups in CDs [31-33]. Interestingly, 

following excitation at 420 nm, the dots exhibited two fluorescence emission bands: the first is 

centered at 480 nm (blue emission) and the second at 679 nm (red emission) with a shoulder at 

650 nm (Figure 1E). This unique fluorescence signature is linked to the inner and outer core of the 

CDs [34-37]. Briefly, the red fluorescence stems from the molecular states, which are 

predominantly on the surface of CDs. The blue fluorescence stems from the carbogenic core of the 

dots [34-37]. The excitation spectra (Figure 1E) were also collected for inner and outer core 

fluorescence emissions. The emission at 480 nm resulted in the excitation spectrum with two major 

peaks at 239 and 383 nm. The excitation spectrum from the 680 nm was characterized by 262, 405 

and 420 nm excitation bands, with the major peak at 420 nm.  

2.3.2 Role of Tyr analogues on the photophysical properties of carbon dots 

 To understand the interactions between CDs and amino acids, nTyr, pTyr and Tyr, and the 

role that they play on the optical properties of CDs, the UV-vis and fluorescence spectroscopies 

were used. An excitation wavelength at 420 nm was applied based on the absorbance and excitation 

spectra of CDs, and fluorescence emission measured in the 430 - 800 nm range. Figure 2 shows 
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the fluorescence emission spectra of CDs with increasing concentrations of Tyr, pTyr and nTyr 

from 0 - 0.105 mM. These concentrations were chosen based on the reported biological 

concentrations of tyrosine analogues [38]. No change in the fluorescence emission intensities of 

CDs were observed for Tyr (Figure 2.2A) and pTyr (Figure 2.2B).  

 

 

Figure 2.2. Fluorescence emission spectra of CDs as a function of (A) Tyr, (B) pTyr, (C) nTyr 

concentrations; (D) Plot of If/Io fluorescence emission @ 679 nm as a function of nTyr 

concentrations (insets show If/Io fluorescence emission @ 679 nm; [CDs] = 0.0033 mg/mL; 

[amino acid] = 0 - 0.105 mM; MES Buffer, pH 6.8; 420 nm excitation wavelength). 
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As demonstrated in Figure 2.2C, the nTyr quenched the fluorescence emission intensity at 

679 nm. The plot of fluorescence emission intensity at 679 nm, Figure 2.2D, indicated a decrease 

in the signal as the concentration of nTyr increased. The linear decrease observed with nTyr 

addition was fitted to a straight-line fit with a slope of -2.17 and an R2 value of 0.98.  The 

fluorescence quenching of ~ 22% was observed with nTyr whereas quenching was not observed 

with other amino acids tested. At a higher nTyr concentration (0.304 mM), 55% quenching was 

observed (Figure S2A-B). Other emission peaks, 480 nm and 650 nm, also decreased in the 

presence of nTyr, with similar quenching changes to the 679 nm band (Figure S3). The plot of 

I679/I480 as a function of amino acid concentrations, indicated no change in the ratio (Figure S4) 

indicating that the nTyr quenched outer and inner core fluorescence equally.  The limit of detection 

(LOD) and the limit of quantitation (LOQ) were determined from the plot of fluorescence intensity 

(679 nm) versus nTyr concentration (Figure 2.2D) to be 34 µM and 137 µM, respectively.  

The fluorescent CDs were also tested in equine serum (10x diluted), artificial saliva 

(undiluted or diluted), and bovine serum albumin solution in order to determine if the assay was 

amenable to the biologically relevant matrices. In all the complex mixtures tested, the sensitivity 

for nTyr was not compromised and remained at ~45%, regardless of matrix used (Figure 2.3A). 

Additionally, the spiked undiluted artificial saliva samples with various nTyr concentrations were 

also tested and the sensor performance was similar to that in the buffer (Figure S5). 
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Figure 2.3. Selectivity test for detection of nTyr in a complex mixture or in the presence of 

interferents. The average of If/Io at emission peak at 679 nm of CDs with nTyr in the presence of 

(A) various common biological matrices: equine serum (10x diluted), bovine serum albumin and 

undiluted artificial saliva ([BSA] = 1 mg/mL), (B) cations and anions, and (C) amino acids, 

nucleosides and other organics ([CDs] = 0.0033 mg/mL; [nTyr] = 0.3 mM; see Table S1 for 

concentrations of various interferents). 

In addition, the interference studies were carried out in the copresence of all three Tyr-

based amino acids (nTyr, pTyr, and Tyr at equimolar concentrations), and the nTyr detection was 

achieved without any loss of sensitivity (Figure S6). To further expand the utility of the CDs for 

nTyr detection, other interferences were also tested. For example, nTyr was detected even in the 

presence of various metal cations (Ca(II), K(I), Fe(II), Fe(III), Mn(II) and Zn(II)), organic anions 

and cations (ammonium, chloride, phosphate, and sulfate), and neutral organic compounds (amino 

acids (Gly and His), nucleosides (adenosine, cytidine, thymidine, and, uridine), ascorbic acid, 

glucose, and heparin (Figure 2.3B-C). The interference studies indicated that the CDs are ideally 

suited for detection of nTyr even in the presence of other biologically relevant molecules. The 

fluorescence emission of CDs was quenched to a small extent (~10% quenching) (Figure S7) in 

the presence of various interferents, without nTyr, indicating selectivity for nTyr.  
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To understand the quenching mechanism of nTyr addition, the Stern-Volmer plot was used 

(Figure S8) [39]. The Stern-Volmer plot was mostly linear, at low nTyr concentrations, but with a 

slight positive curvature, concave towards the y-axis, as the concentration of nTyr increased, 

pointing to the combination of the static and dynamic quenching. Dynamic quenching does not 

lead to a complex formation between fluorophore and a quencher, rather it affects the excited state 

of a fluorophore, rendering it non-emissive. The Trp, Tyr and Phe may induce both types of 

quenching. These amino acids induced dynamic quenching in the presence of silver nanoparticles, 

while the static quenching was observed with the green, fluorescent gold nanoparticles [40,41]. 

Stern-Volmer plot (Figure S8) shows the experimental data fitted to the Eq. S3 for both static and 

dynamic quenching [42], from which the static, Ks, and dynamic, Kd constant were determined to 

be 1000 M-1 and 2100 M-1, respectively. The experimental data was also fitted to a model for a 

purely dynamic quenching, however, the fitting was not perfect due to the combination of static 

and quenching pathways. Hence, nTyr quenched CDs via both static and dynamic quenching 

mechanisms, with the latter being the more prominent pathway, due to its greater quenching 

constant. However, using the linear Benesi-Hildebrand plot, which assumes the static quenching 

[42-43], the binding constant, Kb, the number of binding sites, N, and R2 values of 1.09 x 105 M-1, 

1.3 and 0.9955, respectively, were determined (Figure S9). The fluorescence lifetime is an 

important parameter to consider when evaluating the quenching mechanism and can often give an 

indication if the process is due to dynamic or static quenching. Unlike for static quenching, the 

lifetime of a fluorophore is likely to be changed in the presence of a quencher when dynamic 

quenching is taking place. The fluorescence lifetimes were measured before and after the addition 

of amino acids (Table S2). The long component, 3.72 ± 0.57 ns (lifetime 2), was associated with 

the blue fluorescence (core states) and the short component (lifetime 1) 0.57 ± 0.21 ns was linked 
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to the red fluorescence (molecular states) of CDs [47]. Slight changes in the lifetimes 1 and 2 were 

observed for Tyr and pTyr, however, no change in the blue or red fluorescence was evident. The 

increase in lifetime 2 for Tyr and pTyr is less significant due to the large error bars associated with 

duplicate measurements. Hence, the lifetime 2 change, alongside negligible fluorescence emission 

change, indicates that no quenching occurred with those amino acids. By contrast, the decrease in 

lifetimes 1 (0.35 ns ± 0.30) and 2 (3.05 ns ± 0.10) with nTyr as well as decrease in the blue and 

red fluorescence emission indicated that the mechanism of quenching may be dynamic rather than 

solely static, or combination thereof [24]. At low nTyr concentrations (<105 μM), the Stern-

Volmer plot was linear (Figure S8B) which allowed for determination of quenching rate constant, 

kq, by using the lifetime value [48]. Using the Eq. S2, the kq value was determined to be 472 x 1010 

L mol-1 s-1, which is on the order of diffusion-controlled value. The change in lifetimes was also 

observed during fluorescence enhancement of CDs with Phe, which was indicative of dynamic 

quenching [49]. The static quenching typically leads to a shifted spectrum in emission and/or 

absorption. If the fluorescence decrease of CDs is caused mostly by dynamic quenching, then a 

decrease in lifetime is expected [50]. The dynamic quenching with nTyr was further supported by 

the absence of changes in the UV-vis spectrum of CDs with nTyr, as nTyr affected the excited 

state of CDs rather than the ground state [51]. When the excited state of CDs returns to the ground 

state by the collision between the quencher, the dynamic quenching takes place with the 

mechanism of energy transfer or the mechanism of charge transfer [51]. Based on the fluorescence 

emission and UV-Visible absorbance data, both static and dynamic quenching mechanisms take 

place with nTyr. 

The excitation at 420 nm did not lead to any emission due to Tyr, pTyr or nTyr alone, and 

these amino acids did not contribute to the fluorescence emission observed (Figure S10). However, 
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when ~270 nm excitation wavelength was used, then the fluorescence emission was observed at 

~300 nm for Tyr and pTyr alone (Figure S11 A-B). This was indicative of the fluorescent nature 

of Tyr and pTyr. By contrast, the nTyr did not exhibit any fluorescence even after excitation at 

277 or 374 nm (Figure S11 C-D). The excitation of CDs alone at 271 nm, resulted in a low emission 

and a significant emission peak at 447 nm, and a small peak at 679 nm (Figure S12C), which was 

in stark contrast to the excitation at 420 nm, indicating excitation dependent fluorescence emission 

profile (Figure S12A). Using the 270 nm as an excitation, Tyr and pTyr did not quench the CDs 

(Figure S13), but nTyr did (Figure S14). Again, the data indicated that the excitation at either 277 

nm or 420 nm resulted in the quenching of the CDs fluorescence. When 650 nm excitation was 

used, nTyr did not result in significant quenching of emission at 680 nm, which was indicative of 

the importance of absorbance of nTyr in the quenching mechanism (Figure S15). 

In addition to fluorescence spectroscopy, UV-vis analysis was also used to evaluate 

photophysical changes upon amino acid titrations. The UV-vis absorbance spectra of the CDs 

following the addition of amino acids was predominated with amino acid bands. Compared to 

other compounds, the nTyr exhibited three distinct peaks seen at 232, 279 and 376 nm (with a 

shoulder at 420 nm), resulting in a yellow-coloured solution (Figure S16A). The absorbance band 

in the visible range, 250 - 450 nm, of nTyr was dependent on the solution pH [44-45]. At acidic 

pH, the absorbance maximum was located at ~ 370 nm and at alkaline pH, the peak shifted to 440 

nm (Figure S16A). The pH-dependent shift of nTyr may be ascribed to the ionization of the phenol 

group which causes the large red shift in absorptivity. Hence, nTyr was predominantly present as 

a phenol, and a small contribution of phenolate anion, at the pH used (6.8). Notably, all amino 

acids tested had the peaks below 320 nm due to the n-π and π-π* electronic transitions of amino 

acids, but only nTyr absorbance overlapped with the emission of CDs at 480 nm [46]. Hence, the 
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overlap of nTyr absorbance with the emission band of CDs at 480 nm may contribute to the 

quenching mechanism observed at the specific emission wavelength. This overlap was absent for 

the Tyr or pTyr amino acids, which did not quench CDs.  

In order to understand the surface interactions between the CDs and amino acids, zeta 

potential measurements were obtained (Table S3). The CDs had an overall negative net charge (-

26.0 mV ± 5.83) ascribed to the negatively charged groups on the surface, such as deprotonated 

carboxylic acids and thiols. However, the positive charges were also reported on CDs, ascribed to 

the functional groups such as protonated amines [35,36,47]. The addition of nTyr, Tyr and pTyr 

amino acids resulted in a less negative zeta potential values, -22.4 mV ± 5.23, -24.2 ± 3.79 and -

25.4 mV ± 0.54, respectively. While the greatest decrease in negative charge was observed with 

nTyr, compared to other amino acids, the electrostatic interactions may not solely contribute to the 

quenching mechanism, since both Tyr and nTyr are predominantly neutral at pH 6.8. 

 2.2.3 Role of pH on the interactions between CDs and amino acids  

Given the relationship between solution pH and pKa, and the ionizable nature of amino 

acids and CDs, it is important to understand how pH may affect quenching. The CDs have different 

functional groups which include -OH, -COOH, and -NH2 on the surface which could form a series 

of energy levels in surface states, as a function of ionization [52], but remain fluorescent at various 

pH values tested. The pKa values of an amino acid are highly dependent on the post-translational 

modifications. For example, the pKa of the phenolic hydroxyl group of Tyr is ~10, but decreases 

dramatically to ~7.0 following the nitration to generate nTyr [49]. By changing the pH from 6.8 to 

3, the net charge of the tested amino acids remains unchanged, but at pH 10, Tyr and nTyr both 

have a negative charge of -2, while pTyr has a negative charge of -3 (Figure S16B). Hence, if the 

electrostatic interactions solely govern the effects of amino acid on CDs fluorescence, then it 
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would be expected that Tyr and nTyr both being neutral at pH 6.8 would produce identical effects. 

However, this was not the case. The charge of amino acid may not be the major contributing factor 

in the fluorescence quenching mechanism. At pH 3, no quenching by Tyr or pTyr was observed, 

and only a small decrease was seen with nTyr, as shown in Figure 4A. The quenching by nTyr was 

evident at pH 10 (Figure 4B). Figure 4C shows that the quenching increases with the increase in 

pH, with the greatest quenching (38%) at pH 10; however, this trend is not observed for Tyr or 

pTyr (Figure S17). The pH-dependent trend cannot be ascribed to ionic interactions or H-bonding, 

solely, rather photophysical properties of the nTyr may contribute to its quenching efficiency. 

 

 

Figure 2.4. Fluorescence emission spectra of CDs in MES buffer at (A) pH 3 and (B) pH 10 after 

the addition of Tyr, pTyr and nTyr; (C) Plot of If/Io @ 679 nm as a function of pH and in the 

absence (back bar) and presence (coloured bars) of nTyr; (D) UV-vis spectra of nTyr at various 

pH values; (E) UV-vis spectrum of nTyr (pH 10) and emission spectrum of CDs (pH 10); (F) 

Energy levels and energy gaps for CDs, Tyr and nTyr (pH 10), and the schematic illustration of 
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electron transfer quenching mechanism ([CDs] = 0.0033 mg/mL; [amino acid] = 0.105 mM; 420 

nm excitation wavelength). 

 

To understand and characterize the photophysical properties of nTyr at various pH values, 

the UV-vis spectra were collected (Figure 2.4D). At pH 3, the solution was colourless which 

suggested the presence of a non-ionized phenol hydroxyl group [49]. However, as pH increased to 

10, a prominent yellow colour developed due to a new peak at 420 nm, which was associated with 

the presence of a phenolate anion [49]. The absorbance at 420 nm is significant as it was the 

excitation wavelength used to excite CDs in all the measurements, and nTyr absorbance overlaps 

with the CDs emission at 480 nm (Figure 2.4E). The greater the absorbance at 420 nm, the greater 

the overlap with fluorescence emission of CDs (at 480 nm) and greater the observed quenching of 

the CD. Data indicate that the quenching mechanism was due to the energy transfer between CDs 

and nTyr. In addition, the quenching was not due to the collision between CDs and nTyr, which 

would produce the non-fluorescent ground state complex as was observed for CDs with aspartic 

acid [24]. For example, the intermolecular charge transfer (ICT) between surface groups of CDs 

and aspartic acid was mediated by H-bonding. The selective quenching by nTyr may be ascribed 

to the fluorescence resonance energy transfer (FRET) between the CDs (energy donor) and nTyr 

(energy acceptor), as was reported for the quenching mechanism of CDs by nitrophenol 

[52,53,54,55]. The CDs are well known to exhibit fluorescence emission from S to ground state 

due to the core and also undergo Intersystem charge transfer (or intersystem crossing) from S to T 

state leading to fluorescence associated with the surface states [56]. In this case, the nTyr may 

serve as an S1 or T1 state quencher. One possible mechanism of quenching is the quenching of the 

triplet (T) state resulting in a non-emissive transition to a ground state. The quenching data indicate 
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that both fluorescence emission transitions, from S (core-blue) and T (surface states-red) are 

quenched by nTyr. Although in nTyr, the two lowest triplet states (T1 and T2) are close in energy 

with S1, the intersystem crossing probability remains low due to the El-Sayed rule and a small 

crossing region [57]. Recent evaluations of excited-state potential energies of anionic 3-

nitrotyrosine showed that intersystem crossing from the S1 to the T1 or T2 states is unlikely [57]. 

Since nTyr is non-emissive it may serve as the “molecular ruler” as the energy transfer is innately 

dependent on the distance between donor and acceptor, which is subject to the inverse sixth-power 

distance dependence within a point dipole−dipole approximation of both the donor and acceptor 

molecules [57]. Tyr, which is colourless, did not lead to quenching of quantum dots [52]. Hence, 

similarly in this work, the colourless solutions of Tyr and pTyr did not absorb at 420 nm (Figure 

S16B), and hence no overlap with the CDs emission and no quenching was observed. The FRET 

may explain the quenching of emission at 480 nm by nTyr, but it does not explain the quenching 

of emission at 679 nm, due to the lack of overlap between donor emission and acceptor absorbance. 

Rather, a photoinduced electron transfer from the excited state of CDs to nTyr may be responsible 

for the fluorescence quenching at 679 nm [55]. To further investigate this mechanism of 

quenching, the electrochemical method, cyclic voltammetry (CV), was used. The CV of the CDs 

was characterized by several anodic peaks in the -0.2 - 1.2 V potential range, and a single cathodic 

peak at -1.25 V (Figure S18). Overall, CDs exhibited irreversible oxidation. The HOMO and 

LUMO energy levels of CDs were calculated from CV measurements, as previously reported, and 

HOMO was determined from the optical energy band gap, Eg [60, 62, 63]. Using the longest 

absorbance onset of 460 nm of CDs, the Eg was determined to be 2.69 eV, and the HOMO was 

calculated to be -6.15 eV.  From the CV, the LUMO was calculated to be -3.46 eV. The HOMO 

and LUMO levels observed for dual fluorescing CDs were similar to those synthesized from 
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chloroform and o-phenylendiamine (HOMO and LUMO values at -6.3 eV and -3.82 eV, 

respectively) [58]. When the longest absorbance edge at 679 nm was used, the Eg and HOMO were 

found to be 1.75 eV and -5.21 eV, respectively (Figure 2.4F). The HOMO and LUMO levels of 

Tyr were reported to be ~ -8.5 and ~0.3 eV, respectively, with an energy gap of 8.20 eV, and were 

similar to pTyr (Figure 2.4F) [61]. By contrast the Eg gap reported for nTyr was 4.61 eV, and much 

smaller than the other amino acids [60,61]. Specifically, the HOMO and LUMO levels of nTyr 

were determined computationally to be -6.8 and -2.23 eV, respectively [62]. In all cases, the 

LUMO level of CDs was lower than the LUMO levels of amino acids, indicating that the excited 

electrons from LUMO of CDs may not be easily transferred to the LUMO of amino acid. However, 

the UV-vis spectra of nTyr clearly showed stronger quenching when nTyr existed in predominantly 

deprotonated form. Using the UV-vis measurements, the experimental Eg gap was determined for 

nTyr at pH 3, 6.8, and 10 (calculated from the absorbance onset) to be 2.85, 2.52, and 2.35 eV, 

respectively. An increase of the solution pH resulted in the decrease of the band gap. Hence, the 

deprotonated nTyr had a smaller energy gap than the neutral nTyr. With regards to the HOMO and 

LUMO of deprotonated nTyr, both orbitals were delocalized on the phenolic ring and nitro group 

in the anionic nTyr [63]. A noticeable charge transfer was reported between the phenolate oxygen 

to nitro group of anionic nTyr when excitation at 400 nm was used. Hence, for deprotonated nTyr, 

the LUMO level may be much lower than for nTyr. The electrochemical method was used to 

determine oxidation potential of nTyr at various pH values (Figure S19). At pH 10, it was 

experimentally determined that the HOMO and LUMO levels were at -7.46 and -5.11 eV, 

respectively (Figure 2.4F). Hence, the excited electrons from the LUMO level of CDs are more 

likely to transfer to the LUMO of anionic nTyr, an electron acceptor, resulting in electron transfer, 

and nonradiative deactivation, i.e. quenching. This is not possible with other amino acids tested. 
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In conclusion, both energy transfer and nonradiative deactivation by electron transfer were 

likely mechanisms which contributed to the quenching (combination of static and dynamic) of 

CDs fluorescence by nTyr. The outer core fluorescence was sensitive to the nonradiative 

deactivation by energy transfer while the inner core fluorescence was sensitive to the energy 

transfer. 

The CD selectivity for nTyr was due to the overlapping electronic transitions between the 

analyte and a probe which allowed for quenching via energy transfer and electron transfer to take 

place. Since the electronic transitions of Tyr and pTyr were not favourable, no overlap with CDs 

emission band or LUMO level was possible, hence no quenching was observed. The dramatic 

differences in the photophysical properties of various Tyr analogues is what resulted in the 

selectivity observed with CDs. 

The optical methods for detection of nTyr based on nanomaterials have been previously 

reported (Table S4). For example, nanomolar detection of nTyr was achieved by using 

fluorescence assays based on the binuclear Pt-2-pyrazinecarboxylic acid (pca)-Bipyridine (bpy) 

complex doped in sol-gel matrix [16] or hybrid material (AuNCs@ZIF-8) synthesized by 

encapsulating gold nanoclusters (AuNCs) into the zeolitic imidazolate framework (ZIF-8) [15]. 

Application of CDs for nTyr detection is scarce [29]. The bio-inspired molecularly imprinted 

polymer was used as a receptor for nTyr, while the green emitting carbon dots (CDs) were used as 

signal transducer [29]. In the present study, CDs served as a receptor for nTyr as well as the signal 

transducer, which has not been demonstrated before. In addition, the current assay provided the 

LOD value (34 μM) which was within the biological range for nTyr detection (10 - 60 μM) in 

diseased samples [4-5]. The dual-purpose CDs are beneficial as they reduce a need for extra 
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reagents or supplies while providing a measurable signal and selectivity for nTyr, over other 

congeners.  

2.4 Conclusion 

The dual-fluorescing CDs were sensitive to nTyr rather than other biological analogues, such as 

Tyr or pTyr. The quenching phenomena by nTyr was ascribed to a combination of the nonradiative 

energy and electron transfer mechanisms. This study showcases the application of CDs as 

fluorescent sensors capable of differentiating post-translational modifications of amino acids. Such 

sensors may be applied for detection and monitoring of disease-related biomarkers by synthetically 

tailoring the chemical composition of CDs, and their photophysical properties. The CDs with a 

single fluorescence emission which overlaps more efficiently with the absorbance of a biomarker 

will likely result in a highly sensitive probe. In addition, the specific hydrogen bonding or ionic 

interactions between the surface of CDs with a biomarker will improve selectivity over other 

similar congeners or interferants. 
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Chapter 3 - Copper (II) and Iron (III)-catalyzed nitration of tyrosine and role 

of CDs 

3.1 Introduction 

Post-translational modifications like nitration are frequently observed in diseased states. 

Nitration of tyrosine (Tyr) residues of protein is a covalent modification that introduces a nitro 

group (-NO2) to the ortho carbon of the phenolic ring of Tyr and is a sign of nitrosative stress. As 

a result, an overall net negative charge is introduced to the nitrated Tyr at the physiological pH, 

causing changes to the protein in its chemical environment [1]. A change in tyrosine’s pKa, from 

~10 to ~7, impairs its ability to form hydrogen bonds when it is nitrated (Figure 3.1) [2]. The 

function of the protein is impacted because of the structural change, leading to the loss of protein 

activity. This becomes detrimental and is a sign of oxidative stress, which plays an important role 

in nitrotyrosine (nTyr) formation in neurodegenerative diseases such as Alzheimer’s Disease 

(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD) 

and Prion disease [3]. 
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Figure 3.1. General mechanism of Tyr nitration and ionization [4]. 

Studies have reported a 2-10 fold and 1.5-2 fold increase of protein Tyr nitration and a free 

Tyr nitration, respectively, depending on the disease and tissue [5]. The nitration of Tyr residues 

generates a stable product. In biological systems, nitration of Tyr residues is a free radical process 

and is selective [6]. Although tyrosine amino acids make up most of the proteins (3-4%), not all 

sites are nitrated [6,7]. The best well-known mechanism for tyrosine nitration involves a one-step 

oxidation of tyrosine to form tyrosyl radical, which then through a diffusion-controlled reaction 

with nitrogen dioxide (•NO2) produces nitrotyrosine [7,8]. It is mediated by reactive nitrogen 

species such as peroxynitrite anion (ONOO–) and nitrogen dioxide (•NO2). These are the 

secondary products of •NO metabolism in the presence of oxidants such as superoxide radicals 

(O2
∙−), hydrogen peroxide (H2O2), and transition metal centers [8].  

Transition metals act as cofactors and are important parts of living organisms that allow 

for biological processes to occur [9]. Specially, Cu(II) and Fe(III) ions, the most abundant metals, 

in humans catalyze nitration reactions through peroxynitrite (ONOO−) formation due to their 
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ability to carry out redox reactions [9]. Specifically, Cu(II) promotes the generation of free radicals 

that cause oxidative damage to cells [10]. Cu(II) plays a role in neurodegenerative diseases. Very 

high levels of Cu(II) (400% higher) have been observed in brains with AD compared to healthy 

brains, with a high concentration of 0.4 mM [11]. In addition, nitration of Tyr in biological settings 

is also driven by Fe(III) ions iron through its ability to reduce (active) molecular oxygen and to 

catalyze the conversion of superoxide and hydrogen peroxide to free radical species [12]. The 

average body of an adult human contains  ~3-4 g of iron and 65% of it is bound to hemoglobin, an 

oxygen carrying protein [13]. Ten percent is a constituent of myoglobin, cytochromes,  and  iron-

containing  enzymes,  and the rest is bound to the iron storage proteins [14]. The higher levels of 

iron in tissues such as the heart  could serve  as  a  biological  base  for  iron  toxicity  on  tissue  

damage as a result of free radicals,  including  the formation  of  nitrotyrosine [14]. Using transition 

metals in protein tyrosine nitration increases the yield of the reaction [9]. 

Hence, understanding how Cu(II) and Fe(III) metal ions catalyze nitration of free Tyr to 

form nTyr is of interest. Although there are many methods of detecting nTyr [5], these methods 

do not provide a real time monitoring of Tyr nitration, which will be beneficial in providing early 

detection of diseased states. In this chapter, the nitration reaction was monitored in vitro in order 

to synthesize nTyr in the presence of sodium nitrite and hydrogen peroxide, compare Cu(II) versus 

Fe(III) catalysis, and potentially use carbon dots (CDs) synthesized from formamide and 

glutathione to monitor and detect nTyr formation. The ultimate goal is to develop nanomaterials 

capable of detecting biological relevant modifications in real time, for development of biomedical 

assays.  
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3.2. Experimental Section 

3.2.1. Materials and methods 

3.2.1.1. Chemicals and reagents 

3-Nitro-L-Tyrosine, 98% was purchased from Alfa Aesar and was dissolved in DI water 

to a final concentration of 6 mM. L-tyrosine was purchased from Sigma Aldrich and was dissolved 

in DI water to a final concentration of 2 mM. Carbon dots (CDs) were obtained from Naccache 

lab at Concordia University and were dissolved in DI water to final concentrations of 0.1 mg/mL 

and 5 mg/mL [15]. Copper (II) Perchlorate was purchased from Alfa Aesar (USA) and was 

dissolved in DI water to a final concentration of 5 mM. Copper (II) Nitrate 2.5 hydrate was 

purchased from J.T. Baker and was dissolved in DI water to a final concentration of 5 mM. Copper 

(II) Sulfate was purchased from Caledon and was dissolved in DI water to a final concentration of 

5 mM. Iron (III) Perchlorate was purchased from Alfa Aesar and was dissolved in DI water to a 

final concentration of 10 mM. Sodium nitrite (NaNO2) was kindly donated by Dr. Steven 

Rafferty’s lab at Trent University and it was dissolved in DI water to a final concentration of 5 

mM. Hydrogen peroxide (H2O2), 3%, was purchased from Delon Laboratories.  

3.2.1.2. Methods 

3.2.1.1. UV-vis absorbance spectroscopy 

The UV-vis absorbance spectra (200 - 800 nm) were recorded using UV-2550 UV-vis 

spectrophotometer (Shimadzu and Cary 60) in a 1 cm quartz cuvette at a fast speed, 1 sampling 

interval and 2-nm bandwidth. The total volume of the sample was 3000 µL.  

3.2.1.2. Fluorescence spectroscopy 

The fluorescence spectra of the samples were recorded using the Varian Cary Eclipse 

Fluorescence Spectrophotometer. The fluorescence emission spectra (430 - 800 nm) were obtained 
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at an excitation wavelength of 420 nm using 1 cm quartz cuvette at a scan rate of 600 nm/min, 1 

nm data interval and 5 nm excitation slit. The emission slit was adjusted to 10 nm. The total volume 

of the sample was 3000 µL. 

3.2.2. Nitration reactions 

3.2.2.1. Cu(II) catalyzed nitration reactions 

The reaction mixture was composed of 0.25 mM Tyr, 0.25 mM Cu(II) Perchlorate 2.5 

hydrate, 0.5 mM H2O2  and 1 mM NaNO2 in DI water. The reaction was stirred for 0 - 72 h at room 

temperature, unless otherwise mentioned. UV-vis measurements were taken at 0h, 24h, and 72h. 

As a control, 0.25 mM Tyr in DI water was used. After the measurements were taken, 150 µL of 

0.1 mg/mL CDs was added to the mixture (final concentration of 0.003 mg/mL) and UV-vis and 

fluorescence measurements were taken.  

3.2.2.2. Fe(III) catalyzed nitration reactions 

The reaction mixture was composed of 0.25 mM Tyr, 0.25 mM Fe(III) Perchlorate 2.5 

hydrate, 0.5 mM H2O2  and 1 mM NaNO2 in DI water. The reaction was stirred for 72 h at room 

temperature, unless otherwise mentioned. As a control, 0.25 mM Tyr in DI water was used. UV-

vis measurements taken at 0 and 72h. After the measurements were taken, 150 µL of 0.1 mg/mL 

CDs was added to the mixture (final concentration of 0.003 mg/mL) and UV-vis and fluorescence 

measurements were taken.  

3.2.2.3. Testing CDs as inhibitors of nitration reaction 

In order to see if CDs inhibit Cu(II) or Fe(III) catalyzed nitration reaction, 1 µL of 5 mg/mL 

CDs was added to the reaction mixture (final concentration of 0.001 mg/mL) and UV-vis and 

fluorescence measurements were taken at 0 and 72h. As controls, 0.25 mM Tyr in DI water without 
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CDs, 0.25 mM Tyr in DI water with the addition of 1 µL of 5 mg/mL (final concentration of 0.001 

mg/mL) CDs and nitration reaction without CDs were used.  

 

3.3. Results and Discussion 

In order to monitor nitration reaction and confirm nTyr formation, UV-vis absorbance was 

compared for Tyr and nTyr (Figure 3.1). While Tyr does not have an absorbance band in the visible 

range, nTyr has a characteristic band in the 300-470 nm range, which could be used for monitoring 

formation of nTyr from Tyr. In addition, Tyr is a colourless solution in DI water whereas nTyr is 

yellow. Firstly, UV-vis spectra of Tyr and nTyr in water were tested to evaluate their electronic 

transitions. For nTyr, there were three distinct peaks at 216 nm (2.871 a.u.), 280 nm (1.091 a.u.) 

and 355 nm (0.495 a.u.). For Tyr, there were two distinct peaks at 223 nm (1.674 a.u.) and 274 nm 

(0.297 a.u.). These photophysical trends were similar to the literature reports [16]. Unique peak of 

nTyr at 355 nm was used to monitor the course of the nitration reaction. The extinction coefficient 

(ɛ) of nTyr at 355 nm was calculated to be 1980 M-1 cm-1 using Beer-Lambert’s Law (A= ɛbc) with 

a path length of 1 cm. This was consistent with literature value reporting ~2200 M-1 cm-1 at ~ 380 

nm for nitrotyrosine containing analogs [16]. The extinction coefficient of nTyr was used in 

conjunction with Beer-Lambert’s Law to calculate the yields of nitration reactions.  
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Figure 3.2. (A) Chemical structures of nTyr and Tyr and (B) UV-vis absorbance of 0.25 mM 

nTyr and 0.25 mM Tyr in water. 

3.3.1. Cu(II)-catalyzed nitration reaction of Tyr into nTyr and role of CDs 

Cu(II) is widely used in the catalysis of important cellular functions. It is used by many 

enzymes in oxidation reactions, such as superoxide by superoxide dismutase and catechols by 

tyrosinase [10]. An excess of Cu(II) in the body is detrimental as it is able to catalyze the generation 

of toxic reactive oxygen species. Due to the biological relevance of Cu(II) in a biological setting, 

the nitration of Tyr was performed using Cu(II) catalyst. The nitration reaction was carried out in 

the presence of various Cu(II) salts in order to investigate the role of counter anion on the reaction 

yield. The reaction was optimized using various Cu(II) concentrations, reaction time and 

temperature. 

Cu(II) salts tested as catalysts include the following: Cu(II) Sulfate Pentahydrate, Cu(II) 

Nitrate 2.5 hydrate and Cu(II) Perchlorate (Table 3.1). The reaction yield increased with reaction 

time (0 - 72h). The concentration of nTyr produced at 72 h was between 0.067 - 0.075 mM (27-

30% in yield), depending on the Cu(II) salt used. To improve the reaction yield, heat (45°C) or 

increase in Cu(II) was used (Table 3.2), however only 1.2x and 1.1x increase in yield was 
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observed, respectively. Hence, the optimal reaction conditions were identified to be using Copper 

(II) Perchlorate, room temperature and 72 h with a yield of ~30%.  

 

Table 3.1. Yield (%) of nTyr produced as a function of three different Cu(II) salts (DI water, t = 

24h, 48h, 72h; [Tyr] = 0.25 mM, [Cu(II)] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 1 mM; 

single measurements; % yield was calculated based on the absorbance at 355 nm, and ɛ value for 

nTyr standard). 

 Time 

(h) 

Cu(II) Sulfate 

Pentahydrate 

Cu(II) Nitrate 2.5 

hydrate 

Cu(II) 

Perchlorate 

 

 

Yield (%) 

24 19 22 21 

48 23 24 26 

72 27 27 30 
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Table 3.2. Yield (%) of nTyr produced using various conditions and Cu(II) Sulfate Pentahydrate  

(DI water, t =24h, 48h; [Tyr] = 0.25 mM, [Cu(II)] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 1 

mM; single measurements; %yield was calculated based on the absorbance at 355 nm, and ɛ 

value for nTyr standard). 

 Time 

(h) 0.25 mM Cu(II) 

Sulfate 

Pentahydrate 

0.25 mM Cu(II) 

Sulfate 

Pentahydrate + 

Heat (45 ℃) 

0.5 mM Cu(II) 

Sulfate 

Pentahydrate 

 

 

Yield (%) 

24 18 30 22 

48 23 29 26 

 

The representative UV-vis spectra of Tyr and nTyr (synthesized using the optimal 

condition) are shown in Figure 3.3. After 72h, the absorbance increases for the nitration reaction 

of Tyr compared to the control of Tyr alone and there is a noticeable colour change. Specifically, 

at 355 nm, a peak is forming for the nitration reaction with an absorbance of 0.173 a.u. but is absent 

for the control. The peak at 355 nm shows that Tyr is converting into nTyr and it was calculated 

to have a %yield of 30% at 72h.  
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Figure 3.3. (A) UV-vis absorbance of 0.25 mM Tyr (Tyr control), nitrating agents (without Tyr), 

and nitration reaction (with Tyr) with Cu(II) used as a catalyst (DI water, t = 72h, [Tyr] = 0.25 

mM; [Cu(II) perchlorate] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 1 mM ). 

 

Chapter 2 showed that if nTyr was present in solution, then the fluorescence of the CDs is 

quenched and the amount of quenching is used to estimate the concentration of nTyr in solution. 

In order to use CDs as indicators of nTyr present in solution following a nitration reaction, ideally, 

nitrating agents should not affect the fluorescence of CDs. The fluorescence of CDs was monitored 

in the presence of various reagents present in the nitration reaction (Figure 3.4A). In the absence 

of any reagents, emission bands at ~490 nm and ~680 nm with a shoulder at ~650 nm were 

observed. Cu(II) and hydrogen peroxide greatly quenched the fluorescence of the CDs whereas 

sodium nitrite increased the fluorescence of the CDs as seen by the increase in intensity at ~680 
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nm. CDs synthesized by the carbonization of poly-ethylenimine (PEI) with microwave irradiation 

found that Cu(II) quenched CDs through a non-radiative electron transfer process with a limit of 

detection of 6.7 nM in the linear range of 0.01–2 μM [17]. Various studies have observed that CDs 

synthesized from different materials are quenched in the presence of Cu(II) and thus, are used as 

sensors [18-21]. However, other studies show that Cu(II) does not quench CDs [22]. This shows 

that the chemical make-up of the CDs is important in how it interacts with Cu(II). Although the 

CDs used in this work were quenched in the presence of hydrogen peroxide, CDs synthesized 

using L-penicillamine via a single-step process have been used as sensors for hydrogen peroxide 

in combination with hemoglobin through a “on/off/on” sensing mechanism, in which CDs are 

quenched after the addition of hemoglobin (Hb) through π − π interaction between the heme units 

of Hb and the aromatic ring system of CDs but is recovered by the addition of hydrogen peroxide 

due to the breakdown of Hb [23]. Another work shows that CDs synthesized by citric acid and 

ethylenediamine and then modified by 2-(diphenylphosphino)ethylamine quenched the 

fluorescence through a photo-induced electron transfer; however, in the presence of hydrogen 

peroxide, the fluorescence was recovered [24]. CDs have been used to detect nitrite through the 

inner filter effect between CDs (made from 3-aminophenol and ethanol) and S-nitrosothiol 

compound, which was the product of the nitrite–thiol chemical reaction [25]. CDs synthesized by 

the carbonization and polymerization of acriflavine quenched in the presence of nitrite through a 

combination of static and dynamic quenching in which the phenylamine groups on the surface 

interact with nitrite to form diazonium [26]. Although most studies have shown that CDs are 

quenched by the addition of nitrites, one particular study using PEG6000 coated carbon 

nanoparticles (PCNs) showed that in the presence of NO2
− ions, fluorescence increased due to the 

hydrogen bonding of nitrite ions with the molecules causing them to aggregate and increasing the 
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surface area of light passivation [27]. Understanding how the nitrating agents interact with CDs 

was beneficial. 

Since CDs were quenched with several reaction reagents, the possible interference of CDs 

as inhibitors was tested next (Figure 3.4C). At 355 nm, nitration of 0.25 mM Tyr resulted in similar 

absorbance in the presence and absence of CDs, leading to similar yields. The fluorescence of CDs 

present in the nitration reaction of Tyr were completely quenched (~90%) before and after the 

reaction at t = 72h. Although the nitration reaction of Tyr quenched the fluorescence of the CDs, 

they clearly did not act as inhibitors of the reaction, and hence, CDs were next used as indicators 

of Tyr nitration. 
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Figure 3.4. (A)  Fluorescence emission spectrum of CDs with controls of nitration reaction at t = 

0h; [CDs] = 0.003 mg/mL; λex = 420 nm. (B) Plot of emission peak at 679 nm of Cu(II) catalyzed 

nitration reaction at 72 h after adding CDs as indicators; error bars indicate standard deviation; 

[CDs] = 0.003 mg/mL; λex = 420 nm. (C) UV-vis absorbance of nitration reaction (with Tyr) with 

Cu(II) perchlorate used as a catalyst in the presence and absence of CDs as inhibitors (DI water, t 

= 0 h and 72 h; [Tyr] = 0.25 mM; [Cu(II) perchlorate] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 

1 mM; [CDs] = 0.001 mg/mL; λex = 420 nm; single measurement). 
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Lastly, CDs were used as indicators of Tyr nitration reaction and were added at 72h. To 

monitor nitration of Tyr into nTyr, the fluorescence emission of CDs at 679 nm was monitored 

(Figure 3.3B). The results show that CDs are significantly quenched (~95%) by both the nitrating 

agents and the nitration reaction and are unable to differentiate nTyr formation. This makes them 

unsuitable for use in detecting the Cu(II) catalyzed nitration of Tyr. 

3.3.2. Fe(III)-catalyzed nitration reaction of Tyr into nTyr and role of CDs 

Fe(III) is a useful component in hemoproteins and metalloproteins [13]. It can catalyze the 

conversion of superoxide and hydrogen peroxide to free radical species, making it harmful to cells. 

Due to the biological relevance of Fe(III), the nitration of Tyr was also performed using Fe(III) 

catalyst. The UV-vis spectrum of the nitration reaction catalyzed by Fe(III) at 72h shows a peak 

at 355 nm with 0.72 a.u. whereas there is no distinct peak for Tyr (no reaction) (Figure 3.5A). The 

nitrating agents also absorb at 355 nm (0.18 a.u.) and this was taken into account when calculating 

the yield for nTyr. The peak at 355 nm shows that Tyr is converting into nTyr and it was calculated 

to have a %yield of ~80% at 72h.  

To understand the role of CDs on Fe(III) catalyzed nitration of Tyr, the fluorescence of 

CDs was monitored in the presence of various reagents present in the nitration reaction (Figure 

3.5B). In the absence of any reagents, emission bands at ~490 nm and ~680 nm with a shoulder at 

~650 nm were observed. Fe(III) and hydrogen peroxide greatly quenched the fluorescence of the 

CDs at emission peaks of 650 nm and 680 nm whereas sodium nitrite increased its fluorescence. 

The same CDs used in the system were studied with metal ions and it was found that Fe(III) in the 

nM range quenched the fluorescence through static quenching as confirmed by lifetime 

measurements [28]. This is similar to another study where CDs made from papaya were quenched 

by Fe(III) [29]. However, one particular study shows that Fe(III) does not quench CDs synthesized 
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by nitrogen-doped CDs and rhodamine B isothiocyanate (RhB) [30]. As previously mentioned, 

hydrogen peroxide greatly quenched the fluorescence of CDs whereas sodium nitrite increased its 

fluorescence. 

Since CDs were quenched with several reaction reagents, the possible interference with 

nitration reaction by CDs was tested next (Figure 3.5C). At 355 nm, nitration of 0.25 mM Tyr in 

the presence of CDs resulted in a slightly lower absorbance than in the absence of CDs (85%), 

producing a slightly lower yield (75%).  The fluorescence of CDs was monitored when CDs were 

co-present in the nitration reaction. Figure 3.5D shows significant quenching (~95%) after the 

reaction at t = 72h, compared to CDs in the absence of reaction. The CDs did not significantly 

inhibit Tyr nitration, and hence, they were next used as indicators of Tyr nitration.  
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Figure 3.5. (A) UV-vis absorbance of 0.25 mM Tyr (Tyr control), nitrating agents (without Tyr), 

and nitration reaction (with Tyr) with Fe(III) used as a catalyst. (B) Fluorescence emission 

spectrum of CDs with controls of nitration reaction; [CDs] = 0.003 mg/mL; λex = 420 nm. (C) Plot 

of emission peak at 679 nm of Fe(III) catalyzed nitration reaction at 72 h after adding CDs as 

indicators; error bars indicate standard deviation; [CDs] = 0.003 mg/mL; λex = 420 nm. (D) UV-

vis absorbance of nitration reaction (with Tyr) with Cu(II) perchlorate used as a catalyst in the 

presence and absence of CDs as inhibitors (DI water, t = 0 h and 72 h; [Tyr] = 0.25 mM; [Fe(III) 

perchlorate] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 1 mM;  [CDs] = 0.001 mg/mL; single 

measurement). 
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To detect the presence of nTyr, the CDs were added as indicators after the reaction (t=72h) 

and their fluorescence emission monitored at 679 nm (Figure 3.5D). The results show that the 

samples significantly quench the fluorescence of the CDs (greater than 70%). Based on the 

calibration curve from Chapter 2, if nTyr was present at 0.36 mM it would lead to 70% quenching. 

However, the 100% theoretical yield of nTyr was calculated to be 0.000284 g or 0.25 mM (based 

on the starting material Tyr = 0.25 mM). Hence, if all Tyr was converted to nTyr, only 48% of 

quenching would be expected. However, the 70% of quenching observed cannot be described 

solely to nTyr formation, but rather to the quenching by nitration agents as well. Thus, CDs were 

not suitable as indicators of nTyr formation. 

In this chapter, both Cu(II) and Fe(III)-catalyzed nitration reactions were carried out to 

mimic the biological relevance, specifically the ability of these transition metals to produce 

reactive species, which are detrimental and are implicated in neurodegenerative diseases. Based 

on the literature, the proposed mechanism for Cu(II) catalyzed nitration of Tyr involves a Fenton-

like reaction in which hydroxyl radicals (•OH) and/or Cu(II) bound •OH (Cu(II)–•OH) are 

generated downstream from LCu(II) (Figure 3.6) [31]. After the radicals are generated, they are 

scavenged by NO2
– and tyrosine to form •NO2 and tyrosine radicals (Tyr•), leading to tyrosine 

nitration [31]. It is also likely that LCu(II) is reduced to LCu(I) which subsequently reacts with 

•NO2 to form Cu(II)(ONOO– ) species which can in turn nitrate Tyr. Similarly, the proposed 

mechanism of Fe(III) catalyzed nitration of Tyr involves the oxidation of Fe(III) by HO2- to Fe(II) 

and superoxide anion radical (reaction 3). Next, the Fe(II) catalyzes formation of •NO2 from nitrite 

(reaction 5) which subsequently reacts with tyrosine radical to form nTyr (reaction 12).  
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Figure 3.6. Proposed mechanism for (A) Cu(II) [31] and (B) Fe(III) [12] catalyzed nitration of 

Tyr. 

Although both catalysts are relevant in a biological setting, Fe(III) perchlorate catalyzed 

nitration of Tyr produced the greatest yield of 81% ± 3% compared to Cu(II) perchlorate catalyzed 

reaction producing only a yield of 20% ± 8% (Figure 3.7). Cu(II) catalyzed nitration reaction of 

free amino acid, Tyr, produced a greater yield compared to Cu(II)-catalyzed nitration of the 

peptide, Angiotensin I, which only resulted in 10% nitration level when optimized conditions were 

used (CuCl2 = 0.25 mM, H2O2 = 0.5 mM, NO2
– = 1 mM) [31]. Similarly, the role of iron in nitrating 

Tyr residues of BSA was studied and nitration was confirmed through Western blotting with 

antibodies specific to 3-nitrotyrosine [14]. It was found that nitration of BSA at Tyr residues were 

carried out in the presence of hydrogen peroxide and sodium nitrite [14]. In conclusion, although 

both catalysts play an important role in biological settings, the current work shows that Fe(III) 

catalyzed nitration was more efficient than Cu(II) catalyzed nitration reaction of Tyr. 
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Figure 3.7. (A) UV-vis absorbance of nitration reaction with Fe(III) or Cu(II) used as a catalyst. 

(B) Plot of yield of Fe(III) and Cu(II) catalyzed nitration reaction; error bars indicate standard 

deviation from triplicate measurements (DI water, t = 72h, [Tyr] = 0.25 mM; [Fe(III) perchlorate] 

= 0.25 mM; [Cu(II) perchlorate] = 0.25 mM; [H2O2] = 0.5 mM; [NaNO2] = 1 mM). 

 

In addition, the role of CDs on nitration reactions were studied in order to potentially use 

CDs to detect nTyr formation. Importantly, CDs did not interfere with the nitration reaction of Tyr 

when using Cu(II) or Fe(III) as catalysts. Although CDs did not interfere with the nitration 

reaction, it is of interest to see whether they could act as catalysts of nitration. CDs made from 

other precursors have shown to catalyze various reactions [32] like methanol oxidation [33], 

oxygen reduction [34], dopamine reduction [35] and the transesterification of canola oil [36-37]. 

About 1 weight percent (wt%) of CDs loading (synthesized from glycine and citric acid) was 

needed to achieve ≥ 97% at 150 °C for the transesterification of canola oil to biodiesel [36]. This 

unique ability for CDs to act as catalysts is due to their high surface area-to-volume ratio and the 

ability to add different functional groups on their surface [38]. It is unknown whether the CDs used 

in this system, which were made from glutathione and formamide, catalyze any reactions. In this 
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inhibitor system, a very low concentration of CDs (0.001 and 0.003 mg/mL) were used and hence, 

it is very likely that CDs did not catalyze the nitration of Tyr. Additional experiments should be 

conducted to investigate whether CDs can catalyze nitration reactions in the absence of metal ions. 

The CDs were also not ideal as sensing probes for the detection of nTyr, due to their fluorescence 

quenching by nitration agents. 

3.4. Conclusions 

In summary, the nitration of free amino acid Tyr was carried out successfully using Cu(II) 

or Fe(III) as catalysts in the presence of hydrogen peroxide and sodium nitrite to mimic the 

biological setting. Furthermore, the role of CDs in the nitration of Tyr was tested using optimal 

conditions. Data indicate that CDs did not interfere with either Cu(II) or Fe(III) catalyzed nitration 

reactions, producing similar yields of nTyr in the presence and absence of CDs. Nitration reagents 

quenched the fluorescence of CDs, indicating that CDs cannot be used as indicators of Tyr 

nitration. 
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Chapter 4 - Conclusion and Future Work 

4.1 Conclusions 

This thesis outlined the importance of studying amino acids, specifically tyrosine (Tyr) and 

its analogues, phosphotyrosine (pTyr) and nitrotyrosine (nTyr) and the use of nanomaterials, 

specifically carbon dots (CDs), to detect them in Chapter 1. For example, many biologically 

relevant transformations include chemical modifications of amino acids. Of interest to this work 

was nitration of Tyr to yield nTyr. Measuring the nitration reaction and formation of nTyr is of 

interest.  Although there are many methods to detect Tyr and its analogues, these methods are often 

time-consuming, involve expensive instruments and involve tedious procedures. The use of 

nanomaterials in sensing applications has greatly influenced the sensitivity of detecting nTyr.  

Hence, the fluorescent nanomaterials were used in the design and development of a sensor for 

nTyr.  

Chapter 2 outlined the role of CDs on Tyr and its analogues. Firstly, the CDs, which were 

synthesized by a microwave-mediated one-step reaction with glutathione and formamide, were 

characterized by ultraviolet visible (UV-vis) spectroscopy, fluorescence spectroscopy, 

transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FT-IR) and 

powder X-ray diffraction (XRD). Compared to other nanomaterials, water-soluble CDs exhibited 

dual fluorescence which made them attractive for sensor applications. Then, the CDs were tested 

with Tyr and its analogues and it was found that they showed selectivity towards nTyr only and 

not Tyr and pTyr. The selection of fluorescent CDs towards nTyr was carried out using a turn-off 

mechanism in which the fluorescence of the CDs were quenched in the presence of nTyr in a 

concentration dependent manner. The mechanism of quenching was related to both the 

fluorescence resonance energy transfer (FRET) between the CDs (energy donor) and nTyr (energy 
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acceptor) and also photoinduced electron transfer from the excited state of CDs to nTyr. The LOD 

was 34 µM and LOQ was 137 µM in the linear range of 0.005 to 0.105 mM. Moreover, interference 

studies indicate that the CDs are ideally suited for detection of nTyr even in the presence of other 

biologically relevant molecules and in biological fluids like artificial saliva. The fluorescence CD-

based assay may be used in a more complex mixture to mimic the biological fluids and makes it 

suitable for use in sensing applications to detect diseases related to nTyr. 

To investigate the quenching mechanism of the fluorescence-CD-based assay, pH studies 

were conducted and life-time measurements and zeta potentials were obtained (Naccache Lab). As 

pH is changed, the overall charge of the amino acid changes. Although this was the case, the trends 

associated with the CD’s ability to detect nTyr were not dependent on the overall charge change 

as an acidic, basic or neutral pH did not change the ability of the CD’s to detect Tyr and pTyr. 

However, greater sensitivity to detect nTyr was observed at a basic pH of 10 compared to pH 6.8 

and at pH 3, CDs were not able to detect nTyr. This greater sensitivity observed at a basic pH is 

due to a greater overlap of the absorbance of nTyr at a basic pH compared to pH 6.8 and not due 

to the changes in overall net charge at different pHs. Thus, electrostatic interactions do not 

contribute to the quenching of CDs by nTyr but are due to the overlap of the absorbance of nTyr 

and the emission at 460 nm. This is known as fluorescence resonance energy transfer (FRET) 

between the CDs (energy donor) and nTyr (energy acceptor). The mechanism of quenching is 

attributed to both static and dynamic quenching and was analyzed using Stern-Volmer plots and 

Benesi-Hilderbrand plots. In addition to FRET, photoinduced electron transfer from the excited 

state of CDs to nTyr was observed at 679 nm. Hence, this work provided a better understanding 

of the mechanism of quenching that is used in this fluorescence- CD-based assay. 
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In addition to using CDs to detect nTyr (as in Chapter 2), CDs were also used as indicators 

of an important biological transformation, nitration of Tyr, to generate nTyr in vitro, as described 

in Chapter 3. For this purpose, CDs were used either as 1) end-point indicators (at the end of the 

nitration reaction) or 2) real-time indicators (during nitration reaction). Two different metal 

catalysts were used for Tyr nitration: Cu(II) and Fe(III) metal ions, due to their biological 

relevance. It was found that Fe(III) catalyzed nitration reaction in the presence of hydrogen 

peroxide and sodium nitrite at room temperature produced a higher yield of ~80% compared to 

Cu(II), which only produced a yield of only ~20%. When using CDs as end-point indicators of 

nTyr formation, CDs fluorescence was dramatically quenched. However, the quenching was due 

to nitrating agents, Cu(II), Fe(II), hydrogen peroxide and sodium nitrite. Hence, CDs were not 

suitable end-point indicators of nitration reaction. When used as real-time indicators of nitration, 

it was found that CDs did not inhibit the nitration reaction. However, the quenching of CD 

fluorescence was due to nitrating agents as well. The quenching due to reagents present made it 

challenging to distinguish the quenching that is solely attributed to the presence of nTyr.  

In conclusion, this thesis provided a deeper understanding on how fluorescent CDs, made 

from glutathione and formamide, interact with amino acids and nitrating agents, and could 

subsequently be used as biosensors to detect amino acids related to diseases.  

4.2 Future Work 

This thesis provided the framework of using CDs to detect amino acids related to diseases and 

provided insight into the use of CDs to monitor biologically relevant transformations like nitration. 

The CDs that were used in this work were selective to nTyr. Understanding the quenching of CDs 

by nTyr helps to design CDs that are sensitive to other amino acids used in this study. Both Tyr 

and pTyr do not absorb in the 420 nm range but do absorb around 200-300 nm. In order for CDs 
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to be sensitive to Tyr and pTyr, CDs that are emissive in this range should be used. For example, 

CDs, synthesized by a one-step hydrothermal method from cellobiose and doped with nitrogen, 

excite at 230 nm and 320 nm and were used to detect temperature and phosalone, an insecticide 

[1]. These CDs could be tested to see if they are selective to Tyr and pTyr.  Additionally, the 

surfaces of CDs can be modified by including aptamers selective for Tyr or pTyr. Aptamers can 

be conjugated to CDs in order to provide greater sensitivity. For example, fluorescent and 

carboxyl-modified CDs, synthesized by the hydrothermal method, were connected by amino-

modified aptamers on the surfaces to form the carbon dot–aptamer complexes that were used to 

detect Salmonella typhimurium [2]. Similarly, CDs made from citric acid monohydrate and 

diethylene triamine through the hydrothermal method were modified with dopamine aptamer and 

were then used to detect dopamine through a static quenching mechanism [3]. Moreover, a 

fluorometric aptamer-based assay using CDs (made from citric acid monohydrate and diethylene 

triamine through the hydrothermal method) and graphene oxide were used to detect adenosine 

triphosphate (ATP) through FRET quenching mechanism [4]. Other than using aptamers to detect 

Tyr and pTyr, the use of intermolecular interactions between CDs and AAs can be investigated. 

Since pTyr has a negatively charged phosphate group, CDs containing positive groups could be 

synthesized and be used for pTyr detection through their electrostatic interaction. For example, 

carbon quantum dots (C-dots), synthesized by a one-step hydrothermal method from o-

aminophenol, was used to detect heparin. The detection was due to the electrostatic interactions 

and hydrogen bonding between the positively charged surface amino groups with the sulfate and 

carboxyl groups in heparin. These positively charged CDs can be used to detect pTyr. 

Although the CDs used in this work were not able to monitor nitration of Tyr, further 

improvements can be made to produce desirable outcomes. CDs have the potential to be used as 
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indicators of reaction. One specific study used red CDs, synthesized through a hydrothermal 

treatment of o-phenylenediamine and urea as indicators of titration [5]. These CDs are unique as 

they have an acidichromism feature, which allows them to change colours depending on the pH 

and are used as indicators of titration in alkali samples [5]. Firstly, CDs can be easily modified 

either through a covalent or non-covalent modification [6]. When synthesizing CDs to indicate 

nTyr formation, they should not have any surface functional group that chelate metals such as 

Cu(II) and Fe(III); they should not be common chelators of metal ions and they should be 

insensitive to nitrating agents. When analyzing carbon dot-based sensors for heavy metal sensing, 

it was found that coordination and chelation are common strategies used [7]. According to the hard 

and soft acid and bases principle, transitional metals including Fe(II), Co(II), Ni(II), Cu(II), Zn(II), 

and Pb(II) trend toward binding borderline ligands like –CO–NH–, >N=H, –C6H4NH2 and hard 

heavy metals of Mg(II), Sr(II), Mn(II), Al(III), Cr(III), Fe(III), U(II) have priority to bind with 

coordinating groups of –OH, –F, –Cl, –PO4
3−, –OOCR, –OR, –NH2, –SO3H, >PO4, and –NH2R 

[8]. Based on this, when choosing the functional groups of CDs, they should not have any of the 

above groups and should perhaps have an hydrophobic terminal group and alkyl chains. This will 

prevent any interaction with heavy metals such as Cu(II) and Fe(III). 

In addition to using CDs as indicators, the role of CDs as catalysts of nitration can be 

investigated. CDs are unique in their ability to catalyze various chemical reactions. Specifically, 

the CDs used in this work were able to catalyze the transesterification of canola oil to biodiesel 

[7]. The biodiesel conversions were high ( ≥97% at 150 °C) with 1 wt% catalyst loading [7]. Other 

CDs have been used to catalyze water-splitting, aldehyde–alcohol condensation reaction, and CO2 

reduction. Selectively synthesizing CDs that are able to catalyze nitration of Tyr would be useful. 

The CDs, synthesized from citric acid through the hydrothermal method and doped with cobalt 
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and nitrogen, could be used for Tyr nitration due to their catalytic property of accelerating the 

decomposition of H2O2 and to increase the number of hydroxyl radicals [10]. This allowed nTyr 

to inhibit CDs through an electric transfer process and resulted in a decline in CL intensity [10]. 

This system can be used both as a sensor for nTyr formation and a catalyst of nitration. 

In conclusion, CDs serve as valuable tools for detecting amino acids. This thesis 

investigated the different roles of CDs as sensors of Tyr and its analogues, as end-point and real 

time indicators of Tyr nitration. Further research should be carried out in order to optimize the 

ability of CDs to be used in point-of care testing. 
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Appendices 

Appendix A – Chapter 2 – Supplementary Information (SI) from manuscript 

Materials and Methods 

Chemicals and reagents 

L-tyrosine was purchased from Sigma Aldrich. O-phospho-L-tyrosine was purchased from TCI 

America. 3-nitro-L-tyrosine, 98%, was purchased from Alfa Aesar. 2-(N-

morpholino)ethanesulfonic acid (MES) hydrate was purchased from Fisher BioReagents. Sodium 

chloride (NaCl) and calcium chloride dihydrate were purchased from BioShop. Ethylenediamine 

tetraacetic acid (EDTA) free acid, ferrous sulfate, and manganese chloride were purchased from 

Caledon Laboratories Chemicals. Formamide (³99.5%) and reduced L-glutathione (³98.0%) were 

purchased from Thermo Scientific. Sodium hydroxide (NaOH) was purchased from Caledon 

Laboratories Chemicals. Acetone and ethanol were purchased from Fischer Scientific. Iron (III) 

perchlorate was obtained from Alfa Aesar. Adenosine, 99%, was purchased from Fisher Scientific. 

Potassium chloride was purchased from EMD Millipore. Zinc chloride, anhydrous, 98+% was 

purchased from Alfa Aesar. Potassium phosphate, monobasic was purchased from MP 

Biomedicals, LLC. HyClone Donor equine serum was kindly provided by Dr. Janet Yee (Trent 

University, (Cytiva, Cat# SH30074.03)). Ammonium sulfate was purchased from Amresco. L-

ascorbic acid was purchased from BDH (USA). Glucose was purchased from Nicoya. L-histidine 

was purchased from Acros Organics. Glycine was purchased from invitrogen. Thymidine, 99+% 

and Uridine, 99% were purchased from Fischer Scientific. Cytidine was purchased from TCI 

America. BSA (bovine serum albumin), ≥ 96%, pH 5.2 and heparin sodium salt from porcine 

intestinal mucosa were purchased from Sigma Aldrich. Artificial saliva was purchased from 

Pickering Laboratories. Acetonitrile (ACN) was purchased from Honeywell Riedel-de-Haën™ 
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and tetrabutylammonium hexafluorophosphate (TBAF) was purchased from TCI America. All 

electrodes were purchased from CHInstruments (USA).  

Stern-Volmer plot 

The Stern-Volmer analysis was conducted to understand the rate at which a substance can 

quench the excited state of a fluorophore [1]. The fluorescence emission data may be analyzed 

according to the Stern–Volmer quenching Eq. S1-S3: 

Io/I = 1 + KS[Q]  (Eq. S1) for static quenching 

Io/I = 𝛕o/𝛕= 1 + KD[Q]  (Eq. S2) for dynamic quenching 

Io/I = 1 + (KS+ KD)[Q]  + KSKD[Q]2  (Eq. S3) for both static and dynamic quenching 

𝐼0

𝐼
= 𝑒𝐾[𝑄]  (Eq. S4) 

where Io and I are the steady state fluorescence emission intensities of CDs at 679 nm (the 

excitation wavelength of 420 nm) before and after the addition of quencher, nTyr, and KD is a 

product of 𝛕okq, where 𝛕o is the lifetime in the absence of Q, and the kq is the quenching rate 

constant. The Eq S4 corresponds to a completely static quenching mechanism. 

The LOD value was calculated based on the following equation = average of a blank+3* standard 

deviation of a blank. The value of y was used in the linear regression plot to solve for x 

(concentration of LOD). The LOQ value was calculated based on the following equation = average 

of a blank+10* standard deviation of a blank. The value of y was used in the linear regression plot 

to solve for x (concentration of LOQ). 

Benesi-Hilderbrand plot 

The value of the binding constant, Kb, was calculated from the Benesi-Hildebrand plot of log(Io-

I/I) versus log[nTyr], based on the Eq. S4, which assumes the static quenching (Figure S6) [2-3]: 

log[(Io-I)/ I] = logKb + Nlog[nTyr] (Eq. S4)  
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wherein, Io and I are fluorescence intensities of CDs at 679 nm in the absence and presence of 

nTyr; Kb is the binding constant; [nTyr] is the concentration of nTyr, and N is the number of 

binding sites for the CDs. 

Experimental determination of HOMO and LUMO levels 

The HOMO and LUMO energy levels of CDs were calculated as previously reported, by using 

Eq. S5 - S7, wherein Ered corresponds to the onset reduction potential of -0.93 V; however, the 

HOMO could not be calculated from the CV, due to the irreversible nature of oxidation of CDs 

[4]. Hence, to determine HOMO level, the optical energy band gap, Eg, was calculated from the 

longest absorbance onset of 460 nm from the UV-vis spectrum of CDs, to be 2.69 eV. The λonset 

corresponds to the onset of the longest absorbance wavelength and was used to calculate the optical 

band gap energy and LUMO level [5,6]. Using the energy gap, the HOMO was calculated to be -

6.15 eV.  From the onset of the Ered at -0.93 V, the LUMO was calculated to be -3.46 eV. When 

the longest absorbance edge at 679 nm was used to determine the Eg and HOMO, it was found that 

Eg was 1.75 eV and HOMO was -5.21 eV. 

Eg  = hc/λonset    (Eq. S5) 

ELUMO = -e[Ered + 4.4]    (Eq. S6) 

ELUMO= EHOMO + Eg   (Eq. S7) 
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Figure S1. The fluorescence emission spectra of CDs collected at time intervals between t = 0 

and 1h ([CDs] = 0.0033 mg/mL; MES Buffer, pH 6.8).  
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Figure S2. (A) The average of If/Io at emission peak at 679 nm of CDs at different nTyr 

concentrations ([CDs] = 0.0033 mg/mL; [nTyr] = 0.105, 0.152, 0.304 mM; MES buffer pH 6.8); 

(B) Plot of If/Io at emission peak at 679 nm of CDs as a function of nTyr concentration ([CDs] = 

0.0033 mg/mL, MES buffer pH 6.8). 

 

 

 

 

(A) 

(B) 
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Figure S3: The If/Io at (A) 480 nm and (B) 650 nm of CD as a function of nTyr concentration 

(data taken from Figure 2C) ([CDs] = 0.0033 mg/mL; [nTyr] = 0 - 0.105 mM; MES Buffer, pH 

6.8). 
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Figure S4: The Ired/Iblue for  (A) Tyr and (B) pTyr (error bars represent duplicate measurements), 

(C) nTyr titrations ([CDs] = 0.0033 mg/mL; [amino acid] = 0 - 0.105 mM; MES Buffer, pH 6.8). 
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Figure S5: The average of If/Io at emission peak at 679 nm of CDs with nTyr in undiluted artificial 

saliva ([CDs] = 0.0033 mg/mL). 

 
Figure S6: The average of If/Io at emission peak at 679 nm of CDs with equimolar mixture of 

Tyr, pTyr and nTyr ([CDs] = 0.0033 mg/mL; [nTyr] = [Tyr] = [pTyr] = 0.105 mM). 
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Figure S7: The average of If/Io at emission peak at 679 nm of CDs with nTyr compared to CDs 

in the presence of various common biological interference (A) cations and anions, and (B) amino 

acids, nucleosides and other organics ([CDs] = 0.0033 mg/mL; [nTyr] = 0.3 mM; see Table S3 

for concentration of various interferents).  
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Figure S8. Stern-Volmer plots of CDs as a function of nTyr concentrations (A) experimental 

data fitted using Eq. S3 (assuming static and dynamic quenching), and (B) experimental data 

fitted to Eq. S4 (assuming purely static quenching) (emission intensity at 679 nm; [CD] = 0.0033 

mg/mL; [nTyr] = 0 - 0.000305 M; MES Buffer, pH 6.8). 

 

B 
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Figure S9. Benesi-Hildebrand plot of CDs as a function of nTyr concentration (emission 

intensity at 679 nm,  [CD] = 0.0033 mg/mL; [nTyr] = 0 - 0.000105 M; MES Buffer, pH 6.8). 
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Figure S10: The fluorescence emission spectra of (A) Tyr and (B) pTyr, (C) nTyr ([amino acid] 

= 0.105 mM; MES Buffer, pH 6.8; excitation wavelength = 420 nm).  
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Figure S11: The fluorescence emission spectra of (A) Tyr (λex = 274 nm), (B) pTyr (λex = 271 

nm), (C) nTyr (λex = 277 nm) and (D) nTyr  (λex = 374 nm) ([amino acid] = 0.105 mM; MES 

Buffer, pH 6.8).  
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Figure S12: The fluorescence emission spectra of CDs (A) λex = 420 nm, (B) λex = 274 nm, (C) 

λex = 271 nm, (D) λex = 277 nm and (E) λex = 374 nm ([CDs] = 0.0033 mg/mL; MES Buffer, pH 

6.8). 
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Figure S13: The fluorescence emission spectra of Tyr/CD (A) λex = 420 nm, (B) λex = 274 nm 

and pTyr/CD systems, (C) λex = 420 nm, (D) λex = 271 nm ([CDs] = 0.0033 mg/mL; [amino acid] 

= 0.105 mM; MES Buffer, pH 6.8). 
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Figure S14: The fluorescence emission spectra of CDs before and after nTyr (A) λex = 420 nm, 

(B) λex = 277 nm and (C) λex = 374 nm ([CDs] = 0.0033 mg/mL; [amino acid] = 0.105 mM; MES 

Buffer, pH 6.8). 



115 

 

 

     

Figure S15: The fluorescence emission spectra of CDs before and after nTyr (A) λex = 420 nm 

and (B) λex = 650 nm, (([CDs] = 0.0033 mg/mL; [amino acid] = 0.105 mM; MES Buffer, pH 

6.8). 
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Figure S16. (A) UV-vis spectra of CDs at various pH solutions (pH 3, 6.8 and 10) after the addition 

of nTyr, (B) Structures of amino acids (Tyr, pTyr, and nTyr) at different pH values (pH 3, 6.8 and 

10); (C) UV-vis spectra of CDs with Tyr, pTyr, and nTyr ([CDs] = 0.0033 mg/mL; [amino acid] 

= 0.105 mM; MES Buffer, pH 6.8). 
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Figure S17. Average of If/Io at 679 nm of samples in MES Buffer ([CDs] = 0.0033 mg/mL; 

[amino acid] = 0.105 mM). 
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Figure S18: (A) Cyclic voltammogram of CDs only, TBAF only and CDs/TBAF (GCE as working 

electrode; Ag/AgNO3 reference electrode; 0.1 M tetrabutylammonium fluoride (TBAF) as the 

electrolyte; [CD] = 0.0033 mg/mL; acetonitrile). (B) Single scan of CDs with TBAF with onset of 

reduction potential (ERed). (C) Randles-Sevcik plot of the square root of scan rate. (D) Scan rate 

dependent analysis of CDs from 100 - 1000 mV/s.  
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Figure S19: Cyclic voltammograms of nTyr solution at (A) pH 3 (B) pH 7.4, (C) pH 10  (GCE as 

working electrode; Ag/AgNO3 reference electrode; PBS buffer was used as a control at each 

specific pH value tested [nTyr] = 1 mM). 
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Table S1: Selectivity studies for detection of nTyr in the presence of various interfering 

substances tested [7,8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coexisting 

concentrations 

(10-6 M) 

Coexisting substances 

0.5 adenosine, thymidine 

0.6  cytidine 

3.31 sulfate 

5.20 uridine 

5.30 Fe(III) 

6.62 histidine, glycine 

13.2 Fe(II), ammonium 

33.1 Ca(II) 

39.7 Chloride 

53.0 phosphate 

66.2 K(I), Mn(II), Zn(II)  

7,929.6 glucose 

10,000 ascorbic acid 

337,012 glucose 
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Table S2. Fluorescence lifetimes of CDs after addition of amino acids ([CDs] = 0.0033 mg/mL; 

[amino acid] = 0.105 mM; in MES Buffer, pH 6.8). 

 

Amino acid with CDs Lifetime 1 (ns) ±  Lifetime 2 (ns) ± 

MES Buffer, pH 6.8 0.57 0.21 3.72 0.57 

Tyr 0.42 0.30 4.85 2.33 

pTyr 0.53 0.51 4.41 1.57 

nTyr 0.35 0.30 3.05 0.10 

 

 

 

 

 

 

Table S3. Zeta potentials of CDs after addition of amino acids ([CDs] = 0.0033 mg/mL; [amino 

acid] = 0.105 mM; in MES Buffer, pH 6.8). 

CDs Zeta Potential (mV) ± 

No amino acid -26.0 5.87 

+Tyr -24.2 3.79 

+pTyr -25.4 0.54 

+nTyr -22.4 5.23 
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Table S4: An overview on recently reported nanomaterial-based spectroscopic methods for the 

determination of nTyr (free amino acid). 

Method Used Material Linear range Limit of 

Detection 

Reference (from 

main 

manuscript) 

Fluorescence 

spectroscopy 

bio-inspired 

molecularly 

imprinted polymer 

as a receptor and 

green emitting 

carbon dots (CDs) 

as a signal 

transducer 

0.050–1.85 μM  17 nM  [29]  

Fluorescence 

spectroscopy 

hybrid material 

(AuNCs@ZIF-8) 

synthesized by 

encapsulating gold 

nanoclusters 

(AuNCs) into the 

zeolitic 

imidazolate 

framework (ZIF-

8) 

5−200 nM 1.8 nM [15] 

Fluorescence 

spectroscopy 

binuclear Pt-2-

pyrazinecarboxyli

c acid (pca)-

Bipyridine (bpy) 

complex doped in 

sol-gel matrix 

0.795-18500 nM 0.47 nM [16] 

Fluorescence 

spectroscopy 

Carbon dots 

synthesized from 

glutathione and 

formamide 

20-105 μM  34 μM  Current work 
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