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ABSTRACT 

Development of Multimodal Imaging Probes Using Carbon Dots 

Diego Mendoza 

Molecular imaging techniques such as fluorescence and magnetic resonance imaging play a 

significant role in monitoring human health but individually, they possess limitations. To address 

their shortcomings, contrast agents are used to improve the quality of the images; however, 

concerns usually arise due to their toxicity. Carbon dots offer an interesting alternative to be 

developed as multimodal probes and offer contrast enhancement in imaging techniques owing to 

their versatile optical properties, simple preparation, and biocompatibility. Herein, the synthesis 

of dual-fluorescent carbon dots functionalized with Mn2+ is presented. The dots were prepared 

using L-glutathione and formamide in a microwave reactor resulting in concomitant blue and red 

optical signatures following excitation at 420 nm. Surface decoration with paramagnetic Mn2+ was 

investigated via two parallel approaches namely direct electrostatic interactions and through 

chelation with diethylenetriaminepentaacetic acid with subsequent coordination of the metal 

cation. We investigated the physicochemical and optical properties with focus on preserving the 

red fluorescence for optical imaging, while maximizing metal cation loading for the magnetic 

resonance imaging modality. In vitro magnetic resonance imaging studies allowed for the 

identification of a lead candidate that offers good performance with an evident enhancement of the 

contrast of images when compared to clinically available contrast agents. Furthermore, toxicity 

assays demonstrated the low cytotoxicity of the dots, as well as the ones modified with metal 

cations suggesting good biocompatibility of this probe. Our results suggest that these Mn2+-doped 

carbon dots offer a strong potential as dual-modal contrast agents in fluorescence and magnetic 

resonance imaging applications. 
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1 Introduction 

1.1 Molecular Imaging  

Imaging allows for the formation of detailed images of specific sites inside the human body based 

on an interaction between different forms of radiation and tissues. Imaging is routinely used in 

clinical research to diagnose of a variety of diseases and monitor responses to therapies.1 

Anatomical imaging is the most conventionally used tool and relies on the study of conditions or 

ailments that a patient may experience and that could later be translated into a diagnosis. However, 

most diseases can only be observed when they are at their late stages and anatomic imaging 

techniques may fall short to detect these changes. Consequentially, the rate of success of treatments 

may decrease.  In past years, molecular imaging has recently become a promising alternative 

gaining significant attention due to its ability to monitor biological processes and identify any 

structural, functional, or molecular abnormalities at the cellular and molecular level, thus leading 

to more rapid diagnosis while monitoring diseases in real time in a non-invasive approach.2,3 For 

example, to diagnose cancer, anatomical imaging would provide information about the shape, size, 

and heterogeneity of a tumor that has already formed while molecular imaging would provide 

information about the potential formation of a tumor.4 For this reason, advancements in the field 

of imaging play a critical role in detecting diseases in their early stages.  Current molecular imaging 

modalities include fluorescence imaging, which exploits the light emission of fluorescent 

molecules and is very popular in cell imaging applications; ultrasound (US), which is dependent 

on high frequency waves and their resulting echo as they travel through different tissues; computed 

tomography (CT) which is based on the attenuation of X-rays caused by different tissues; magnetic 
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resonance (MR) imaging, a technique built upon the magnetic signal caused by the movement of 

the spin of the protons of water inside the body; and positron emission tomography (PET) and 

single photon emission computed tomography (SPECT), both of which are reliant on the emission 

of photons by a radionuclide that circulates through a tissue. The selection of the appropriate 

technique depends on multiple factors mainly including the spatial resolution and sensitivity 

required, the specific site of analysis, the depth of penetration, and the number of assessments 

required. Among these techniques, fluorescence and MR imaging offer a combination that 

provides numerous benefits and addresses multiple shortcomings especially since none of these 

two techniques require the use of ionizing radiation. Both techniques are described below in greater 

details in sections 1.2 and 1.3.5–7 

1.2 Overview of Fluorescence Imaging 

1.2.1 Photoluminescence 

To better understand fluorescence imaging, it is necessary to introduce the concept of 

photoluminescence (PL). PL is the emission of light upon excitation of the electronic states of a 

susceptible molecule caused by the absorption of electromagnetic irradiation. This phenomenon 

can be manifested in different forms, depending on the excitation and relaxation mechanisms. For 

instance, it can be manifested as fluorescence (FL), characterized by the emission of photons which 

is triggered by an absorption of energy. Phosphorescence (P), another photoluminescent 

phenomenon, resembles the mechanism of fluorescence but the reemission of the absorbed energy 

will be released after a longer time.  Moreover, it can also manifest as chemiluminescence (CL), 

where the emission of photons is triggered by a chemical reaction which by-products are 

electronically excited; bioluminescence (BL), which also results from a chemical reaction but in 
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this case within a living organism; thermoluminescence (TL), that relies on the emission of light 

after certain crystalline solids undergo heating; among others. For the purpose of this thesis, we 

will focus on FL.8–13 

1.2.2 Electronic Transitions 

Electrons of atoms and molecules are localized around the nucleus in a region of space called 

orbitals. Orbitals are arranged in electron shells with discrete energy values also known as energy 

levels where electrons are distributed. Upon excitation of an atom or molecule by irradiation, 

electronic transitions between energy levels can occur. These electronic transitions are driven by 

the intrinsic angular momentum of the electron which is described by the spin quantum number 

(ms), and can take values of ±1/2. According to the Pauli’s exclusion principle, electrons in an 

atom cannot have identical quantum numbers. Because of that, two electrons in a single atomic 

orbital or molecular orbital must have a different ms. In other words, they must be oriented either 

in an antiparallel or spin paired configuration. This will result in the cancellation of their magnetic 

moments and the formation of a singlet state (S). Most molecules with an even number of electrons 

will form singlet ground states (S0). When an electron is excited to a higher energy level, it can 

either maintain or change its configuration. In this sense, if it maintains its antiparallel orientation, 

an excited singlet state (Sx) is observed. On the other hand, if the electron changes its orientation 

to a parallel position relative to the original paired electron, a triplet state (Tx) will result (Figure 

1).14–17 The probable orientations of the spin angular momentum are dictated by the spin 

multiplicity and is expressed as 2S+1, where S represents the spin quantum number. Singlets are 

characterized by a multiplicity of 1 while triplets are characterized by a multiplicity of 3.17 
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Figure 1. Schematic representation of singlet and triplet states.  

 

According to quantum mechanics, the electronic transitions are limited by selection rules 

which determine whether they have a high probability of occurring or not. If an electronic 

transition has a high probability of occurring, it is referred to as an allowed transition. In contrast, 

if an electronic transition is less likely to occur, then it is referred to as a forbidden transition. The 

only allowed transitions are those who follow the rules which state that the orbital quantum number 

(l) of an electron changes by one (l = ±1) while its spin quantum number is maintained (ms=0) 

and which magnetic quantum number (ml) either remains unchanged or changes by one (ml = 0, 

±1) otherwise the transition is considered forbidden. In this sense, transitions from Tx to the S0 are 

forbidden while transitions from Sx to S0 are allowed.17,18 

1.2.3 Fluorescence 

Fluorescence presents allowed transitions that originate from the absorption of a photon that 

promotes an electron from S0 to an excited Sx state. This process is followed by the transition of 
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the electron from the lowest vibrational energy level of the excited Sx back to the original S0 ground 

state, and the subsequent emission of a photon of a lower energy than the absorbed energy (Figure 

2). Hence, fluorescence can be distinguished by the conservation of the spin multiplicity.8 Both 

the excitation and relaxation processes are immediate, with a time range of femto- (10-15 s) and 

nanoseconds (10-9 s), respectively. The time a fluorescent molecule remains in the excited state is 

defined as fluorescence lifetime which depends on the nature of the fluorophore, and is affected 

by external factors including temperature, polarity, and the presence of fluorescence 

quenchers.19,20 

On the other hand, relaxation can also occur in a non-radiative manner and is characterized 

by shorter lifetimes than those of PL. Given that electronic energy level is distributed in a 

substructure of a series of vibrational energy levels, transitions between levels occurs 

simultaneously resulting in FL. For instance, vibrational relaxation is observed when an excited 

molecule relaxes to the lowest vibrational level of the excited electronic state. Alternatively, 

internal conversion originates from an excitation to a higher lying level (Sx) with a higher energy 

than S1 followed by a rapid relaxation to S1. Conversely, intersystem crossing occurs between 

excited states of different multiplicity, namely from S1 to T1. Finally, non-radiative processes occur 

without the release of photons and often can be experimentally observed as a quenching of the PL. 

21,22 With this in mind, it can be stated that both radiative and non-radiative process will take place 

during excitation and subsequent relaxation. The fluorescence efficiency of a molecule can be 

determined by the fluorescence quantum yield (QY), also represented as f, which is referred as 

the ratio of number of photons emitted to number of photons absorbed and takes into account all 

the de-excitation processes and is influenced by the number of energy levels. QY can be 

represented by the following equation: 



 6 

𝑓 =  𝑘𝑓𝑘𝑓 + 𝑘𝑛𝑟 + 𝑘𝑡  

where kf represents the rate constant of fluorescence, knr the rate constant of non-radiative decay, 

and kt the rate constant of energy transfer. The value of the QY is dependent on the nature of the 

fluorophore and its electronic structure.  23,24  

 

 

Figure 2. Simplified Jablonski diagram of fluorescence. A photon is absorbed exciting an electron 
from S0 to Sx, followed by the transition of the electron to the S0, resulting in the emission of a 
photon with a lower energy than the absorbed radiation. 

 
Organic compounds with aromatic rings are the most notable molecules that undergo 

fluorescence.24,25  The reason is that most of them are composed of a high-order π conjugation 

which translates into a small overlap among their π orbitals. Hence, reducing the band gap between 

the highest occupied molecular orbital and the lowest unoccupied molecular orbital.26 The FL of 

molecules can be explored by irradiating a fluorophore with a range of wavelengths to produce a 
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spectrum of allowed transitions. The absorption and fluorescence spectra are characteristic of each 

fluorophore and can be exploited for characterization purposes.22 

1.2.4 Fluorescence Imaging 

Fluorescence imaging is a non-invasive and non-destructive technique that allows the visualization 

of cells and tissues in real time through the use of fluorescent molecules. In a typical fluorescence 

imaging analysis, a fluorescent imaging agent (IA) is first injected into a patient. Once inside the 

body, the IA is irradiated with light of a certain wavelength, depending on the type of probe. This 

will stimulate the emission of light from the fluorophore that has already accumulated in a specific 

site in the body. The emitted light signal will later be detected by a charge-coupled device (CCD) 

camera and then processed into images.3  When compared to other molecular imaging techniques, 

fluorescence imaging offers lower costs, and higher sensitivity and specificity. Plus, the use of 

low-energy photons makes it safer than other techniques such as PET and SPECT.27,28   

To illustrate fluorescence imaging, Figure 3 shows a series of images of human 

glioblastoma cells obtained by Macairan et al. by confocal microscopy where different cell 

organelles were labelled using a series of dyes. For instance, LysoTracker Green was used to label 

lysososmes, Tubulin Tracker Green for tubulin and MitoTracker Green for mitochondria. In 

addition, cells were also treated with carbon dots. The imaging process involved exciting the 

different dyes, and the nanoparticles, at different wavelengths taking advantage of their different 

emission wavelengths along the electromagnetic spectrum. As a result, it was possible to monitor 

the localization of the nanoparticles which most intense signals originated from the lysosomal 

compartments.104  
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Figure 3. Intracellular localization of carbon dots (red) in cells colabeled for lysosomes, 
mitochondria, or tubulin. Reproduced with permission from “Ratiometric pH sensing in Living 
Cells Using Carbon Dots”, by Macairan et al., 2020, Particle and Particle Systems 

Characterization. Copyright 2019 by WILEY-VCH Verlag GmbH & Co.104 

 
But despite of its benefits, one of the main drawbacks of fluorescence imaging is associated 

with the scatter of photons at short wavelengths that is caused by tissues and cellular components, 

also known as autofluorescence. Nevertheless, the use of near-infrared (NIR) light (650 to 900 

nm) for in vivo studies has been reflected as an approach towards background correction and 

improved tissue penetration. Below this region, usually cytochromes, hemoglobin, and water 

would take part in the attenuation and scatter of the signal. Also, the ability of low-energy photons 

to penetrate tissues is limited.3 As a comparison, short wavelengths can hardly penetrate tissues in 
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the range of millimetres while longer wavelengths can penetrate a few centimeters. 29,30 

Nevertheless, the use of specifically tailored imaging agents (IA) could help address these 

drawbacks. 

1.2.5 Fluorescence Imaging Agents 

As the previous example illustrated, molecular imaging techniques are usually accompanied by 

the use of IAs, whose main role is to improve the quality of the resulting images. IAs are mainly 

composed of a targeting and a signaling component. The signaling component depends on the type 

of technique being used, but some examples include radionuclides for SPECT, fluorophores for 

fluorescence imaging, and paramagnetic metals for MR imaging.  On the other hand, the nature of 

the targeting component depends on where the probe will be localized. Small molecules, peptides, 

and antibodies are the most popular targeting components which are bound to the carrier structure. 

An ideal IA should offer affinity, selectivity, stability, multiplexing-ability, and low cytotoxicity. 

3,31 Fluorescent IAs are known for their ability to emit light upon excitation, which facilitates the 

visualization of cellular processes. 

Examples of fluorescent IAs include proteins, such as green fluorescent protein (GFP) 

which is extracted from the jellyfish Aequorea Victoria and is widely used to study protein 

interactions; chemical dyes, like fluorescein isothiocyanate which is commonly used in 

immunofluorescence and flow cytometry; and, more recently, nanoparticles, which will be later 

described.30,32–34 To successfully improve the fluorescent signal and deal with autofluorescence, 

as well as the interference of biological components, ideal fluorophores should have emission 

wavelengths higher than 650 nm, namely in the NIR region. Nonetheless, at the moment, only two 

NIR fluorescent IAs that have been approved by the U.S. Food and Drug Administration (FDA) 
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are available: indocyanine green (ICG) and methylene blue (MB).28 Other requirements for an 

efficient IA include improved quantum yield, wavelength-dependency, photostability, and 

biocompatibility.35 Conventional IAs satisfy most of these characteristics, however, 

photobleaching has been a limiting factor in their use.36 Photobleaching is the irreversible loss of 

the fluorescent properties of a fluorophore and is caused by a prolonged exposition to irradiation.37 

In this regard, low-intensity fluorescence signals lead to inaccurate results or offer limited 

sensitivity. To address the shortcomings of autofluorescence, tissue penetration, and 

photobleaching, nanomaterials have been explored and will be described in more detail in a later 

section.  

1.3 Overview of Magnetic Resonance Imaging 

1.3.1 Hydrogen Atom 

The human body is primarily composed of tissues comprising water, fat, and proteins. These 

tissues are rich in hydrogen protons (1H), which is the base of MR imaging. MR imaging is a 

technique that depends on the interaction between the spin of protons of a nucleus and an external 

magnetic field (B0) to form images.38 According to quantum mechanics, elementary particles such 

as electrons, neutrons and protons possess an intrinsic property named spin that will confer them 

an intrinsic angular momentum. From the classical mechanic point of view, the spin can be 

imagined as a physical sphere spinning around its own axis. Because of this movement, protons 

have the ability to produce a local B0 and creating a dipole. Under normal circumstances, they are 

randomly distributed in space. When a strong external B0 is applied, the nucleus will align either 

in the same direction or perpendicularly to the applied field, creating a magnetization vector.39 

During this interaction, protons will first begin to wobble, also known as precession, around the 
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axis of the B0 field, and finally fall into a different plane. The frequency at which protons precess 

is also known as Larmor frequency and depends on the nature of the nuclei, the strength of the 

applied B0, and the gyromagnetic ratio (γ).38,40 The value of the Larmor frequency can be calculated 

with the following equation:  

 𝑓 =  𝛾𝐵0 

 

where f is the frequency of precession; γ is the gyromagnetic ratio, which is characteristic of each 

type of nuclei; and B0 is the main magnetic field strength. In the case of hydrogen protons, the 

gyromagnetic ratio is 42.6 MHzT-1, resulting in a Larmor frequency of 64 MHz at 1.5 T.38 

1.3.2 Relaxation 

Relaxation can be described as the process by which a nuclear spin returns to thermal equilibrium 

after a radiofrequency (RF) excitation has been removed. Generally, relaxation processes can be 

classified into longitudinal and transversal, and they are identified by time constants T1 and T2, 

respectively.39 The main difference is that T1 characterizes the regrowth of the longitudinal 

magnetization while T2 indicates the loss of the transverse magnetization.41 In this sense, T1 is the 

rate at which 63% of protons have recovered thermal equilibrium following a RF pulse. On the 

other hand, T2 is the rate at which the transverse magnetization decays to 37 % of its original 

magnitude. In addition to T2, T2
* can also result from the loss of transversal magnetization, 

however, it will only surge in the case where the transverse magnetization dephasing occurs due 

to B0 inhomogeneities and is not a useful indicator of a disease.42 T1 relaxation is driven by an 

exchange of energy between protons of water and protons attached to other molecules. By 
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convention, this is referred as spin-lattice relaxation time, where the surrounding nucleus 

environment is considered as the lattice. T2 relaxation implies an exchange of energy among 

protons of water. As such, it is referred as spin-spin relaxation time. Both T1 and T2 are influenced 

by the random motion and interactions that have place in the biophysical and biochemical 

environment. Hence, T1 and T2 will vary depending on the nature of the tissue.41  

1.3.3 Magnetic Resonance Imaging 

The obtention of an image through MR imaging is a simple protocol based on nuclear magnetic 

resonance and the fact that hydrogen constitutes 80% of all atoms found in the human body. In a 

typical MR imaging protocol, an imaging agent, which has a main role to improve the contrast of 

the images, is administrated intravenously to the patient. Then, the patient is introduced in a 

chamber surrounded by cryogenic superconducting magnets that provide a field strength ranging 

between 0.5 and 1.5 T.39 Once introduced in the chamber, a B0 is applied and the randomly oriented 

protons of the body will align in the same direction of his field, also known the longitudinal or z 

direction. After, a 90° radiofrequency (RF) pulse at the Larmor frequency of 1H protons is sent to 

the patient in a perpendicular direction to B0 at the specific site that wants to be analysed. Because 

of the absorption of RF, 1H protons are excited and will rotate into the transversal, or x-y direction, 

so the longitudinal direction will become zero. Once in the transversal plane, 1H protons will start 

to precess in phase, resulting in the development of a net transversal magnetization. But because 

of spin-spin interactions, they will begin to dephase, or lose their phase coherence. Due to 

dephasing, the magnetic moments will cancel out, and the MR signal decreases. Completely 

dephased magnetization translates in the complete loss of the MR signal. After the RF is removed, 

1H protons will return to their original low-energy state releasing energy in the process. Both 
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relaxation processes happen simultaneously. The information about the energy released obtained 

from the recovery of the longitudinal net magnetization and the decay of the transversal 

magnetization can then be translated into images.3,39,43,44 Figure 4 summarizes this process. The 

main advantage of MR imaging over other techniques is that it does not require the use of ionizing 

radiation, and it provides high spatial resolution and deep tissue penetration. Unfortunately, its 

main drawback is related to its poor sensitivity.6,45,46 

The intensity of a B0 is described in terms of tesla (T). Clinical MR imaging is typically 

conducted by using cryogenic superconducting magnets that provide a field strength ranging 

between 0.5 and 1.5 T. Now, stronger fields are used, for instance of 3 T, because of an improved 

signal-to-noise ratio (SNR) which contributes to reduce the imaging time. Some drawbacks are 

instability of the magnetic field, magnetic susceptibility, and other artifacts.39 Nonetheless, low 

field MR imaging is still preferred because of a lower cost, more uniform magnetic fields, 

portability, and more sophisticated instrumentation that can achieve the same image quality of 

high-field MR imaging systems.47 

1.3.4 T1 and T2 Weighted Images 

To identify differences in contrast of tissues, both T1 and T2 can be exploited by the modification 

of some parameters including time echo (TE), time repetition (TR), and flip angle. Then it is 

possible to collect T1 weighted images (T1w), characterized by an accentuated T1 signal, and T2-

weighted images (T2w), with an enhanced T2 signal. Tissues with short T1 values (260 ms) produce 

bright images. Examples of materials that produce a hyperintense signal include fat, 

methemoglobin, melanin, proteinaceous fluid, paramagnetic metals, and chelated CAs. On the 

contrary, if a tissue has a long T1 value (3000 to 5000 ms), they will appear dark. This is the case 
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of iron, water, air, bone, and collagen. Unlike in T1w, some materials that produce bright signal in 

T2-w images are fluid, edema, fat, and a few hemorrhagic products.38,39,43,48,49 

 

 

Figure 4. Schematic illustration of the mechanisms of MR imaging. a) Protons precess under 
external magnetic field B0. b) After the introduction of RF pulse, protons are excited, with 
relaxation occurring following removal of the RF pulse. And the graphical representation of T1 
relaxation and T2 relaxation. Reproduced with permission from “Gadolinium-based nanoscale 
MRI contrast agents for tumor imaging”, by Cao et al., 2017, Journal of Materials Chemistry B, 5, 
19. Copyright 2017 by Royal Society of Chemistry.50 

1.3.5 Pulse Sequences 

When the RF pulse causes the rotation of the net magnetization into the transverse plane x-y, it is 

considered as a 90° RF pulse. When the magnetization rotates into the opposite direction of the z-

plane, we talk about a 180° pulse. A pulse sequence is a specific setting of the parameters in order 
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to produce the desired contrast in MR images. The most common pulse sequences can be classified 

into spin echo (SE), gradient spin echo (GSE), and inversion recovery (IR). Though, the variety of 

pulse sequences is extensive and most of them are simple variations of these three types.39,48,51 

1.3.6 Spin Echo 

Following a 90° RF pulse, protons will rotate into the transversal plane and start to dephase. 

Nonetheless, if a 180° pulse is applied, the spin will rotate to the opposite x-y direction. As a 

consequence, they will begin to rephase rather than dephase. If this 180° RF is applied once again, 

it will result in the same effect. The rephasing of the spin is termed echo. In that regard, TE is the 

time between the highest signal produced by the 90° RF pulse and the highest signal of the echo. 

TR, on the other hand, is defined as the time between successive pulse sequences. With typical 

values of TE and TR (at 1.5 T) of 20 and 500 ms, and 80 and 2000 ms, both T1w and T2w images 

can be obtained, respectively.39,49 

1.3.7 Gradient Recalled Echo 

In this case, the initial pulse is smaller than 90°. This will result in a shorter TR, so GRE is typically 

used to generate images in a faster manner. Plus, there is no 180° RF pulse applied, so only T1w 

and T2*w images can be obtained.38,39  

1.3.8 Inversion Recovery  

The IR pulse sequence is typically used to supress any unwanted signals. More predominantly, the 

fat signal. If a 180° is firstly applied, the longitudinal magnetization will rotate in an antiparallel z 

direction. Correspondingly, the magnetization will regrow in the original direction. Once at the 
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zero axis, a 90 ° RF is applied, eliminating the signal. Hence, resulting in a dark image. The time 

inversion (TI), which is the time between the 180° RF and the 90° RF pulse, provides information 

to construct the image. Typical TI values to supress the fat signal are 170 ms (at 1.5 T), which 

typically results in T2w images.39,49 

1.3.9 Magnetic Contrast Agents 

Magnetic resonance imaging agents, also known as CAs, are characterized by their magnetic 

properties that accelerate the relaxation process of neighbouring protons when exposed to a 

magnetic field. As a result, they can enhance the contrast difference between normal and abnormal 

tissues in which they are distributed, which results in brighter images. Figure 5 illustrates this 

effect in the comparison between two T1 images taken from the same region of the brain before 

and after administration of a CA highlighting the structure of a tumor. CAs are typically 

administrated intravenously in an MR imaging study. In general, they can be classified depending 

on their magnetic properties as positive or negative. Positive CAs increase the T1-weighted signal 

by shortening T1 of neighbouring water protons. On the other hand, negative CAs decrease the T2- 

weighted signal by shortening T2. Typically, positive CAs are composed of small molecular weight 

paramagnetic ion complexes, clinically available agents include Gd (III)-DTPA), Gd(III)-DOTA, 

Gd(III)-DO3A, and Mn(II)-DPPP. Meanwhile, negative CAs comprise more novel probes which 

are based on superparamagnetic materials such as superparamagnetic iron oxide (SPIO) and 

ultrasmall paramagnetic iron oxide (USPIO), which also have been commercialized. In spite of 

that, the only nanoparticle-based MR CA that has been approved by the FDA is composed of 

superparamagnetic iron oxide nanoparticles (SPIONs), and is suitable for T2 and T2*-weighted 

images.3,52,53  



 17 

The majority of CAs are based on Gd3+ owing to its stability, long electronic spin relaxation 

time, and superior magnetic moment due to its 7 unpaired electrons in its 4f orbitals. When Gd3+ 

ions are in the proximity of protons of water, they will form a complex and reduce their relaxation 

time. As a result, images with enhanced quality are obtained.54 Gd3+ then can shorten the T1-

weighted signal at low concentrations. However, high concentrations have proven to shorten the 

T2-weighted signal instead. While both T1 and T2-weighted images are useful to identify 

abnormalities in tissues, positive CAs are preferred in conventional clinical practice to prevent the 

potential cytotoxic effects of metal ions. 53 Plus, Gd-based CAs can provide only a limited contrast 

enhancement, with r1 values ranging between 3 and 4 mM-1s-1, at 0.47 T, and which decreases as 

the magnetic field strength is increased.55 The risk associated with the use of Gd3+ is predominately 

associated with the similarity in ionic radius with Ca2+. When Gd3+ is introduced in the body in its 

free form, Gd3+ will bind to Ca2+ ion channels and to proteins that normally bind to Ca2+. This 

effect is also known as transmetallation.51  

But even though the cytotoxicity risks have been successfully addressed by developing 

probes where metal ions are chelated instead of the free metal, in 2007, the use of Gd3+-based CAs 

was associated with the diagnosis of nephrogenic systemic fibrosis (NSF), specifically in patients 

with kidney disorders.  As a response, the U.S. FDA released in 2010 a series of guidelines to 

avoid the use of Gd-based CAs in some patients. More recently, in 2017, these guidelines were 

updated after finding that Gd3+ can be retained in the body for a long term. This was then followed 

by the suspension of some CAs in Europe in 2018.56,57 Now, the research community continues 

making efforts towards developing safer and more efficient probes.  
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Figure 5. T1 weighted MR image of brain (a) before, and (b) after Gadolinium contrast 
enhancement showing a metastatic deposit involving the right frontal bone with a large extracranial 
soft tissue component and meningeal invasion. Reproduced with permission from “Trauma-
Associated Growth of Suspected Dormant Micrometastasis”, by El Saghir et al., 2005, BMC 
Cancer, 5, 94. Copyright 2005 by El Saghir et al; license: 
https://creativecommons.org/licenses/by/4.0/legalcode. 58  

 

1.3.10 Relaxivity 

Relaxivity can be defined as the degree to which a CA enhances the longitudinal or transverse 

relaxation rates (R1, or T1
-1, and R2, or T2

-1, respectively) as a function of the concentration of the 

CA. For instance, higher relaxivities are associated to a higher shortening of the relaxation time, 

hence increasing the intensity of the produced signal.  Relaxivity is characterized by r1 and r2 which 

represent the longitudinal and transversal relaxivity, respectively, and depends on the temperature, 

the field strength, and the type of substance in which the CA is dispersed. r1 and r2 values are 

typically obtained from the slope of the resulting plot of relaxation rates versus concentration of 

CA. Higher relaxivities are associated with the use of lower doses to provide a similar contrast 
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than high doses of compounds with low relaxivities. Thus, the development of CAs with high 

relaxivities will contribute to reduce the risk of metal-induced cytotoxicity.59–61 

1.4 Nanomaterials 

Nanomaterials are generally defined as materials with at least one dimension with a size of less 

than 100 nm. At the nanoscale, the properties of matter are distinct when compared to their bulk 

counterparts. Fundamentally, nanomaterials are unique owing to their properties, which differ 

from bulk including surface area, magnetism, quantum effects, conductivity, mechanical, catalytic, 

and in some cases antimicrobial properties: They can be obtained through two different 

approaches: top-down and bottom-up. Bottom-up approaches rely on building nanostructures from 

the self-assembly of atoms and molecules, also considered as building blocks, while top-down 

approaches focus on fabricating nanostructures from bulk materials. Some bottom-up techniques 

include chemical vapor deposition (CVD),62 solvothermal,63 hydrothermal,64 sonochemical,65 

reverse micelle,66 and exfoliation.67 Top-down techniques include mechanical milling,68 laser 

ablation,69 arc discharge,70 and photolithography.71 During the past decade, numerous types of 

nanomaterials have been developed and applied in a wide range of fields. In a general picture, 

nanomaterials can be classified because of their chemical composition into carbon based, 

nanoporous, semiconductor, metal-based, and composites (Figure 6). And their applications have 

found place in cosmetics, semiconductors, sensors, catalysis, agriculture, good packaging, 

environmental remediation, construction, medicine, etcetera. Consequently, novel materials have 

emerged with enhanced features that outperform conventional materials. In the literature, there are 

several review articles available that describe nanomaterials in depth.72–76  
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When compared to conventional IAs, nanomaterials offer unique optical properties with 

superior photostability, longer circulation times, the possibility to attach targeting molecules and 

use them as drug delivery vehicles with high affinity, and multifunctionality. Potentially, they can 

contribute not only to diagnostics but also to therapeutics, a concept known as theranostics. For 

instance, to demonstrate the capability of nanomaterials in the molecular imaging field, Chanda et 

al. bioconjugated gold nanorods with bombesin (AuNRs-BBN), a 14-aminoacid peptide, to image 

tumor cells. The interaction of AuNRs-BBN with human prostate cancer (PC-3) and breast cancer 

cell lines (T-47D) was tested via dark field optical microscopy. The in vitro performance of 

AuNRs-BBN demonstrated high affinity towards both types of cancer cells. The advantages of 

using gold nanoparticles (AuNPs) over conventional fluorescent dyes, is their resistance to 

photobleaching. Plus, multiplexed approaches can also be implemented by using AuNPs of 

different sizes and shapes.77,78 In another example, Rho et al. synthesized self-assembled 

hyaluronic acid NPs (HA-NPs) for targeted imaging. After administration into lean mice that were 

fed a standard diet (SD), and diet-induced obesity (DIO) mice fed a high fat diet (HFD), the probes 

were monitored with NIR fluorescence, showing strong signals in the liver and kidney attributed 

to the uptake by the reticuloendothelial system. HA-NPs were further tested in DIO mice, showing 

that HA-NPs supressed adipose tissue inflammation by reducing the macrophage content, 

inhibiting the production of proinflammatory cytokines and NLRP3 inflammasome activity. 

Interestingly, an empty HA-NP not bearing any drug showed these therapeutic effects.79 In another 

work, Qi et al. synthesized NPs by encapsulating 4,4′-((6,7diphenyl[1,2,5]thiadiazolo[3,4-

g]quinoxaline-4,9-diyl) bis-(thiophene-5,2-diyl))bis(N-(4-(tert-butyl)phenyl)-N-(p-tolyl)- aniline) 

(TPA-T-TQ) with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-

(polyethyleneglycol)-2000](DSPE-PEG2000), an amphiphilic biocompatible copolymer, to 
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develop a supramolecular probe with intense absorption in the NIR region. Photothermal studies 

in vivo of TPA-T-TQ NPs using an 808 nm laser triggered an increase of the temperature that 

caused inhibition of tumor growth with no signs of side toxicity. Plus, TPA-T-TQ NPs were highly 

resistant to photobleaching and reactive oxygen species.80  These examples demonstrate that 

different types of simple and complex nanomaterials have been developed as promising 

alternatives that could outperform conventional imaging agents.  

   

 

Figure 6. Nanomaterials in theranostics. Reproduced with permission from “Delivery of Cancer 
Therapies by Synthetic and Bio-Inspired Nanovectors”, by Briolay et al., 2021, Molecular Cancer, 
20, 55. Copyright 2021 by Briolay et al., license: license: 
https://creativecommons.org/licenses/by/4.0/legalcode.81  

 

1.4.1 Carbon-Based Nanomaterials 

Carbon-based nanomaterials include carbon nanotubes (CNTs), fullerenes, graphene, 

nanodiamonds, and carbon dots (CDs).76  They have interesting properties such as high mechanical 
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strength, high conductivity and bright photoluminescence, among others. Despite being 

predominantly composed of the same atoms, carbon-based nanomaterials can differentiate 

primarily by their structure. Graphene, for example, is composed of a monoplanar sheet of sp2-

bonded carbon atoms in a hexagonal arrangement; CNTs are based on a single graphene layer 

arranged in a cylindrical shape; fullerenes are formed entirely of carbon atoms in a spherical, 

ellipsoidal, or tubular arrangements; nanodiamonds are nanocrystals of tetrahedrally bonded 

carbon atoms arranged in a 3D cubic lattice; and CDs are clusters of carbon with other atoms such 

as oxygen and hydrogen.82–85 This thesis will focus on CDs as they are central to the development 

of the dual modal imaging probes reported in the coming chapters.  

1.4.1.1 Carbon Dots 

CDs are defined as zerodimensional quasispherical carbon-based materials that are less than 10 

nm in size (Figure 7). They were discovered by accident in 2004 by Xu et al. during the 

electrophoretic purification of single walled carbon nanotubes.86 Since their discovery, they have 

attracted significant attention because of their unique properties including tunable 

photoluminescence, photostability, chemical stability, and low cytotoxicity. These properties are 

predominantly influenced by the functional groups attached to the surface, including amine, 

carboxyl, and hydroxyl groups. Plus, CDs can be obtained from a wide range of low-cost and 

readily available precursors using a multitude of synthesis approaches such as one-step microwave 

or hydrothermal methods, which comprise more facile, affordable, and environmentally friendly 

synthetic procedures when compared to other nanomaterials. For these reasons, they have been 

explored in various fields such as catalysis, sensing, drug delivery and bioimaging.87–96  
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Figure 7. Schematic representation of a carbon dot. 

 

1.4.1.2 Classification of Carbon Dots 

Carbon-based nanodots are broadly divided into three categories: graphene quantum dots (GQDs); 

carbon nanodots (CNDs), or carbon quantum dots (CQDs); and carbonized polymeric dots (CPDs) 

(Figure 8)._ GQDs, are characterized by their graphene single or multilayer with functional groups 

at the surface. Their optical properties are driven by the size of π-conjugated domains and the 

surface structures. CQDs, are distinguished by their spherical multi-layer graphite core with 

functional groups in their surface. Their optical properties depend on the quantum confinement 

effect, or on core and surface states. CPDs, consist of aggregated or cross-linked carbon cores and 

polymer chain shells. Their optical properties are determined by their molecular state and cross-

link structure.96–98 This research focuses on CQDs, also simply termed CDs. 
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Figure 8. Classification of CDs. Reproduced with permission from “Advances in Fluorescent 
Carbon Dots for Biomedical Applications”, by Koutsogiannis et al., 2020, Advances in Physics, 
5, 1. Copyright 2021 by Koutsogiannis et al., licence license: 
https://creativecommons.org/licenses/by/4.0/legalcode. 99  

 

1.4.1.3 Synthesis of Carbon Dots 

As most nanomaterials, CDs can be either prepared through top-down or bottom-up approaches. 

Top-down approaches offer simple operation and large-scale production. One such example is 

chemical exfoliation where the carbon sources are cleaved by strong acids or oxidizing agents. 

Another is laser ablation that is based on breaking down the precursors into nanoparticles via a 

high-intensity laser treatment. Lastly, ultrasonic-assisted treatments rely on hydrodynamic shear 

forces derived from the collapse of small bubbles in a solvent to break the macroscale 

precursors.96,97  

On the other hand, most bottom-up techniques offer advantages of low costs, short reaction 

times, CDs with higher quantum yields, the use simple instrumentation, the possibility to carry out 

solvent-free reactions, the potential to scale up, and more control over reactions. By controlling 

the reaction parameters like time, pressure, and temperature, the properties of CDs can be tuned. 
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Bearing that in mind, bottom-up approaches are preferred over top-down to synthesize CDs. For 

instance, microwave synthesis is grounded on proving uniform heating through microwave 

irradiation to trigger the reaction to produce nanoparticles. Hydrothermal synthesis generally 

results in the obtention of unique properties and morphologies due to water being used as the only 

solvent. In this technique, a water solution of mixture is enclosed with Teflon, placed in an oven, 

and the mixture reaches high pressure and temperature conditions to trigger the reaction. 

Solvothermal synthesis is based on the same principle of hydrothermal synthesis with the 

exception that water is replaced by other solvents. Pyrolysis, another technique, utilizes high 

temperatures to heat, dehydrate, degrade, and finally carbonize organic materials. During this 

process, high concentration acids or bases are used to cleave the precursors into nanoparticles. 

Lastly, through chemical carbon deposition, volatile precursors are condensed into a chamber and 

deposited onto a surface.96,97 

1.4.1.4 Properties of Carbon Dots 

Properties of CDs depend highly on the synthetic route and the precursors. Despite this, they share 

common properties that are attractive for molecular imaging.97 Due to their surface groups, CDs 

can absorb light at different regions of the ultraviolet-visible (UV-Vis) spectrum.  The presence of 

sp2 conjugated carbon translates to π-π∗ transitions, while hybridization with heteroatoms will 

result in n-π∗ transitions.100  

Undoubtedly, the ability to emit light is one of the most appealing features of CDs that has 

characterized them over the years. Some of their FL properties include excitation wavelength-

dependent emission, tunable emission, and resistance to photobleaching. The origin of their FL is 

still a matter of debate and some researchers have been trying to elucidate the mechanism behind 
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it, suggesting that fluorescence of CDs can result from a combination of mechanisms rather than 

just one.101 However, there are two models that have been widely accepted. The first approach 

suggests that electronic transitions in the highly conjugated π- domains are responsible for the FL. 

This is also known as the quantum confinement effect, where the band gaps decrease as aromatic 

rings increase (e.g. increase in π conjugation), that in turn depends on the particle size. Normally, 

small nanoparticles emit at short wavelengths while large nanoparticles emit at long wavelengths. 

Thus, by controlling the size of CDs, their FL properties can be adjusted. The second approach is 

based on the idea that surface defects and/or surface functional groups, are what cause the FL. It 

has been established that heteroatoms modify the electronic structures of CDs by the addition of 

energy levels, that in turn results in an array of emissive traps. Increasing the number of surface 

functional groups will then result in more surface defects which will further result in red-shifted 

emissions.96–98,100–102  

Besides FL, CDs possess up-conversion photoluminescence (UPCL) properties. Up-

conversion is observed when two or more photons are simultaneously absorbed resulting in the 

emission of light at a shorter wavelength that promoted the excitation. This might be relevant for 

NIR fluorescence imaging. Unfortunately, new findings suggest that CDs might not provide a 

significant UCPL.97,102 In addition, CDs have shown a photoinduced electron transfer (PET) 

property. In other words, they can act as an electron acceptor, as well as an electron donor. Because 

of this, in the presence of electron acceptors or electron donors, the PL from CDs is quenched.96 

This unique feature has been previously exploited to sense metals, as well as measure pH and 

temperature in cells by following a ratiometric approach speaking to their potential in fluorescence 

imaging applications.103–105 In addition, owing to their nature, CDs have shown low and sometimes 

negligible cytotoxicity when evaluated both in vitro and in vivo. Moreover, because of the 
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hydroxyl-containing groups on their surface, CDs are highly dispersible in water so they can easily 

circulate through the vascularly system. Moreover, due to their sizes, they can be effortlessly 

uptaken by cells or penetrate the blood brain barrier (BBB).106,107 

1.4.1.5 Carbon Dots in Molecular Imaging Applications 

Because of to their low cytotoxicity, fluorescence QYs, resistance to photobleaching and tunable 

optical properties, CDs hold a great potential as fluorescent probes for in vivo imaging. Since they 

show an excitation-dependent multicolor emission, they provide versatility, which will avoid the 

need of using multiple probes. Plus, their surfaces can be modified with different types of moieties 

to target specific sites, or even to add functionalities.97,108–110 As an example, Naik et al. recently 

synthesized nitrogen doped CDs (N-CDs) via hydrothermal synthesis for the detection of 

dopamine. The interaction of N-CDs with a series of biomolecules (such as L-tyrosine, citric acid, 

dopamine) was tested in vitro via fluorescence response resulting in a highly selective qualitative 

quantification of dopamine in a commercial pharmaceutical sample with a range for detection of 

2 to 20 μg·mL-1 and a detection limit of 1.97 μg·mL-1. Because the interaction of dopamine with 

N-CDs quenched their fluorescence, the intensity of color changed as function of the concentration 

of dopamine. Then, by incorporating N-CDs in gel strips, it was possible to achieve a naked-eye 

detection approach. 111 Moreover, Geng et al. prepared mitochondria-tracking CDs (MitoCDs) 

consisting of a rhodamine structure trough retrosynthesis using citric acid, which contains multiple 

carboxyl and hydroxyl groups, and m-aminophenol. Resulting green to red fluorescent MitoCDs 

with QYs as high as 0.40 % were successfully used for mitochondrial targeting imaging of HeLa 

cells in vitro. Interestingly, the probes remained trackable for as long as six passages which is 

beneficial for long-term cell imaging. The lipophilic cationic dye rodamine center allowed the 
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researchers to monitor changes in the mitochondrial internal environment. MitoCDs were highly 

phostable with a remaining 90% fluorescence intensity after 1 h of irradiation.112 Furthermore, Wu 

et al. constructed a CD-based theranostic nanoplatform for imaging and gene delivery. CDs were 

first multifunctionalized to produce targeted folate-conjugated reducible polyethyleneimine 

passivated CDs (fc-rPEI-CDs). Multiple siRNAs (EGFR and cyclin B1) were encapsulated (fc-

rPEI-CDs/pooled siRNA) for its further release to treat lung cancer. fc-rPEI-CDs/pooled siRNA 

were monitored both in vivo and in vitro through bioluminescent imaging owing to their blue 

photoluminescence at 360 nm excitation. The improved anticancer effect was attributed to the 

ability of fc-rPEI-CDs/pooled siRNA to selectively bind receptor mediated endocytosis. It is 

noteworthy to mention that the viability of human lung cancer (H460) cell line demonstrated low 

cytotoxicity with more than 70% remaining alive after 3 days of treatment with fc-rPEI-

CDs/pooled siRNA.113 Other works have reported the use of N-CDs as label-free probes for the 

intracellular detection of silver ions and glutathione, red emitting p-phenylenediamine CDs 

(pPCDs) for nucleolus-targeteded imaging, dual-emissive N,S co-doped CDs (N, S-CDs) with 

reversible fluorescence for simoultaneous pH sensing and imaging, among others.95,114–116 

 Thus, the most remarkable contribution of CDs in molecular imaging, is their ability to 

provide an enhanced effect at low efficient doses. Moreover, unlike bulk materials, CDs have the 

ability to circulate the body without interfering with the blood flow, and because of their sizes they 

can potentially penetrate biological barriers and avoid being eluded by the reticuloendothelial 

system.117 
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1.4.1.6 Carbon Dots-Based Multimodal Probes as a New Approach in Molecular Imaging 

Current challenges in the molecular imaging field involve developing more sophisticated probes 

with high quantum yields, high stability, and low cytotoxicity. During the past few years, efforts 

have been made to develop probes with the novel approach of tailoring CDs with additional 

properties to adapt them for two or more molecular imaging modalities.46,118 For instance, MR 

imaging offers high spatial resolution and deep tissue penetration, but it lacks in sensitivity. 

Fluorescence imaging, on the other hand, provides high sensitivity. Given this complementarity 

between modalities, fluorescent CDs have been adapted with paramagnetic ions, resulting in 

magnetofluorescent probes with high quantum yields, and enhanced relaxivities.  

One of the first approaches towards developing multimodal probes was reported by Shi et 

al. In their work, they synthesized luminescent CDs from citric acid, and polyethyleneimine (PEI) 

followed by the conjugation of DTPA and the further chelation of Gd3+ ions onto the surface of 

CDs. DTPA is a synthetic chelating agent composed of an aminopolycarboxylic acid with 

diethylene triamine backbone and five carboxymethyl groups and is known to form soluble stable 

complexes with different heavy metal ions including Cu(II), Ni(II), Co(II), Zn(II), Cd(II), Mn(II) 

and Ca(II), at an equimolar ratio over a pH range of 3 to 11.119 The conjugation of DTPA to the 

surface of CDs can be achieved by the one-step water-soluble carbodiimide mediated strategy 

which involves the use of carboxyl-reactive chemical groups also known as carbodiimide 

crosslinkers. Most popular carbodiimide compounds are 1-ethyl-3-(-3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N', N’-dicyclohexyl carbodiimide (DCC), whose main role 

is to crosslink carboxylic acids to primary amines. They are used in carbonyl group activation due 

to the resistance to H2O resulting from the amide bond production, leading to higher reaction 
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yields.120 According to their protocol, DTPA is converted into its cyclic anhydride form (cDTPAA) 

(Figure 9) to make carboxyl groups available for a coupling reaction.  

 

Figure 9. Structure of cyclic diethylenetriaminepentaacetic acid anhydride (cDTPAA). 

 
 

Then, cDTPAA is conjugated onto the surface of CDs with the help of EDC.  An overview 

of this reaction is depicted in Figure 10. Fundamentally, EDC will react with the carboxyl groups 

of cDTPAA to produce an unstable active O-acylisourea intermediate. Subsequently, the primary 

amines on the surface of CDs form an amide bond with the cDTPAA carboxyl groups while an 

isourea by-product is released.120 The final product of the reaction are the Gd-doped CDs. The 

resulting Gd-doped CDs demonstrated FL/MR capabilities, providing a bright blue 

photoluminescence at an excitation wavelength of 460 nm with a quantum yield (QY) of 5.2% and 

a significantly high r1 value of 56.72 mM-1s-1. Hence surpassing the efficiency of conventional 

dyes.121  

 

 



 31 

Figure 10. Scheme of crosslinking reaction between carboxyl and amine groups to form an amide 
bond driven by carbodiimide chemistry.  

 

In a more recent work, Zheng et al. prepared Gd-doped CDs from L-arginine that was able 

to reach the kidneys in mice after 30 minutes of being administered with a low reported long-term 

cytotoxicity. The QY and r1 reported were 57.8%, and 6.27 mM-1s-1, respectively.122 Similarly, 

Maghsoudinia et al. obtained Gd-doped CDs using citric acid, Gadovist (Gd-DO3A-butrol) and 

ethylenediamine (EDA). Gd-doped CDs were further functionalized with both folic acid (FA) and 

bevacizumab (BEV), resulting in a QY of 83.7%, and tested both in vitro and in vivo to target 

hepatocellular carcinoma. Internalization into Hepa1-6 cells and improvement of MR contrast, 

with the highest r1 being 7.98 mM-1s-1, were achieved.5 Other works have demonstrated 

comparable results.123,124 

But despite the superior relaxivities that Gd-loaded CDs can offer, their potential 

cytotoxicity remains a concern. As a response, other authors have proposed the use of Mn2+ due 

to its magnetic properties (resembling those of Gd3+) with its five unpaired electrons. Hence, it can 

offer a high spin number and long electronic relaxation times.  Unlike Gd3+, Mn2+ can be naturally 

found in mitochondria-rich organs and is used as a cofactor for some enzymes and receptors.125 

To date only two Mn-based CAs are clinically available, Teslascan (Mn-DPDP) and Lumenhance 

(containing MnCl2). However, Mn-DPDP, or the chelated form, has a low longitudinal relaxivity 
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of 1.88 mM-1s-1 at 37 °C. On the other hand, the CAs containing MnCl2 can be toxic since metals 

are free in a free form.44 

Within this framework, some authors have designed Mn-doped CDs as dual modal FL/MR 

CAs and tested their performance with promising results. For instance, Ji et al. synthesized Mn-

doped CDs citric acid and urea for the detection and intra-operative location of small brain gliomas. 

They presented a green emission with a QY of 10%. As for their MR performance, a r1 relaxivity 

of 6.23 mM-1s-1 was reported. The probes were tested both in vivo and ex vivo to probe their 

targetability towards organs with high levels of blood flow.126 In another recent work, Irmania et 

al. manufactured Mn-doped and further FA and chlorin e6 (Ce6) conjugated CDs from waste 

green, not only for diagnosis but also for therapy. This nanohybrid had no significant toxicity while 

showing a photodynamic therapy effect after 5 minutes resulted in the death of more than 90% of 

the cells. r1 and r2 were 13.88 and 80.04 mM-1s-1, respectively.127 Likewise, Yao et al. doped CDs, 

obtained from waste crab shell, with Gd, Mn and Eu for bioimaging. CDs provided a r1 of 4.78 

mM-1s-1, which is higher than commercial agents, while Mn and Eu-doped CDs exhibited r2 values 

of  140.7 mM-1s-1 and 29.32 mM-1s-1, respectively. Gd-doped CDs were further targeted to folate 

receptors by conjugating folic acid (FA) and then adapted with doxorubicin (DOX) to develop a 

potential drug delivery vehicle.6 Rub Pakkath et al. fabricated and further loaded ethylenediamine 

(EDA) CDs from Citrus limon extract with a series of transition metal ions (Mn2+, Fe2+, Co2+ and 

Ni2+) for bioimaging. The transition metal ions-doped CDs showed enhanced PL and efficient T1-

contrast with the highest QY being 75.07%, for Co-doped CD, and the maximum r1 value of 0.341 

mM-1s-1 and r2 was 2.015 mM-1s-1 for Mn-doped CDs. Moreover, they confirmed their excellent 

biocompatibility in human colon cancer cells (SW480).128 In addition, Lin et al. synthesized novel 

P and Mn dual-doped, where the role of the additional P3+ dopant was to enhance the emission 
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efficiency. Further conjugation with hyaluronic acid (HA) endowed them with tumor cell 

selectivity towards CD44-overexpressing cancer cells. Its MR imaging performance resulted in r1 

and r2 values of 5.49 and 64.12 mM-1s-1, respectively.129 Other works have shown similar 

results.6,130,131 

1.5 Statement of the Problem 

Molecular imaging has gained significant attention due to its ability to monitor biological 

processes and identify any structural, functional, or molecular abnormalities at the cellular and 

molecular level, leading to diagnose diseases in real time with a non-invasive approach.46 Among 

these techniques, MR imaging is one of the most popular because it provides high spatial resolution 

and good contrast without the need of ionizing energy. However, one of its main drawbacks is that 

it lacks in sensitivity. As a consequence, it is difficult to obtain accurate and fast results.132  On the 

other hand, FL imaging, another popular technique, can provide high cellular and subcellular 

sensitivity hence addressing the poor sensitivity of MR. imaging.27 Thus, by combining these two 

techniques it is possible to design multimodal magnetofluorescent probes that can improve 

diagnostic performance and lead to faster and more accurate results in clinical diagnosis.7 As a 

response, efforts have been made to develop magneto-fluorescent probes based on nanomaterials 

to improve efficiency and specificity. Despite that, most of the synthetic and post-synthetic surface 

modification methods are lengthy, costly, and require the use of organic solvents.6 

Among the continuously increasing variety of nanomaterials, CDs have attracted attention 

owing to their low-cost, rapid, and environmentally friendly synthetic routes. Plus, they can 

provide bright fluorescence, high water dispersibility, good photo and chemical stability, and an 

excellent biocompatibility. In the past years, Gd-based CAs have been translated to the nanoscale 
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in the form of CDs. Nonetheless, the use of Gd in contrast agents has raised concerns after being 

associated to the development of NSF.54 Furthermore, due to the lack of sensitivity of MR imaging, 

high concentrations of CAs are typically administered. As such there is a growing need to develop 

safer probes. As an alternative, Mn2+ has attracted attention due to its magnetic properties 

resembling those of Gd3+. Unlike Gd3+, Mn2+ can be naturally found in the body. In addition, it 

can form thermodynamically and kinetically stable complexes with chelators such as cDTPAA.125  

Within this framework, some authors have designed Mn-doped CDs as dual modal FL/MR 

CAs and tested their performance both in vitro and in vivo with promising results.6,126,128–131 

However, there is still a challenge to construct probes that can be excited at long wavelengths, to 

avoid autofluorescence, and that can provide a contrast enhancement at low doses, to prevent 

cytotoxic effects.121,131   

Herein, magneto-fluorescent CDs were developed for their potential application in FL/MR 

dual-modal imaging. The carbon dots can concomitantly fluoresce in the blue and red regions of 

the spectrum. The longer wavelength red fluorescence can be independently excited using exc > 

640 nm to circumvent the need for short excitation wavelengths. Taking advantage of the amine 

groups in the surface of the as-synthesised fluorescent CDs, Mn2+ was coordinated through the 

mediation of DTPA, a well-known chelator, to form CDs-cDTPAA-Mn. The conjugation protocol 

was optimized to ensure that the final probe would provide an enhanced contrast in MR imaging, 

with a minimal metal loading while maintaining significant fluorescent properties. In this sense, 

both the optical properties and MR performance were evaluated together with cytotoxicity studies 

to confirm its potential biological application as an alternative imaging probe. Moreover, the 

possibility to excite CDs-cDTPAA-Mn at a 640 nm wavelength will contribute to reduce the 

autofluorescence in fluorescence imaging.3 
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2 Materials and Methods 

2.1 Chemicals and reagents 

All chemicals were obtained from commercial sources and were of analytical grade. Formamide 

(≥ 99.5%), L-glutathione (≥ 98.0%), and acetic anhydride (Certified ACS, ≥ 97.0%) were 

purchased from Thermo Fisher Scientific. Diethylenetriaminepentaacetic acid (DTPA) (98+%) and 

manganese (II) chloride (MnCl2) (97%) were acquired from Acros Organics. Diethyl ether 

anhydrous (ACS reagent, ≥ 99.0%) containing BHT as inhibitor, and phosphate buffered saline 

(PBS) were purchased from Sigma-Aldrich. Spectra/Por cellulose ester dialysis membrane (MW 

cutoff 3.5-5. kDa) was. obtained from Spectrum. Pyridine (99+%) was purchased from Alfa Aesar. 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (> 99%) was acquired 

from AK Scientific. Nitric acid was purchased from Caledon. Water was ultrapurified (18.2 

MΩ·cm) by being passed through a Milli-Q® Direct 8 Water Purification System. All chemicals 

were used directly without any further purification.  

2.2 Reactions 

2.2.1 Synthesis of CDs 

A well-stablished protocol was employed to synthesize CDs.101,133,134 Briefly, in a typical 

experiment, a 20 mL solution of 0.1 M L-glutathione in formamide was prepared and sonicated 

for 15 minutes. The solution was reacted in a CEM Discover SP microwave at 180°C for 5 min 

under constant stirring. The solution was then dialyzed in Milli-Q water using a Spectra/Por® 

cellulose ester dialysis membrane (MW cutoff: 3.5-5.0 kDa) for five days with fresh water added 
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every day to remove any unreacted molecules. Following dialysis, the solution was concentrated 

in a rotary evaporator at 60°C for 30 minutes. The product was washed with acetone and ethanol 

and subjected to centrifugation at 10,000 x g for 10 minutes. Lastly, the precipitate was collected 

and dried overnight in an oven at 70°C. Figure 11 summarizes the CD synthesis protocol using 

microwave chemistry with subsequent purification and isolation steps of the dots. 

 

 

Figure 11. Synthetic procedure to obtain CDs from formamide and L-glutathione via a 
microwave-assisted technique at 180°C for 5 min. 

2.2.2 Synthesis of cDTPAA 

cDTPAA was obtained following the reported protocol by Paik et al.135 First, 0.02 mol DTPA, 

0.085 mol acetic anhydride and 0.15 mol pyridine were reacted under reflux and constant stirring 

at 65°C for 24 h. The products were then filtered and washed with acetic anhydride and ether. 

Lastly, the product was dried under ambient conditions. 

2.2.3 Functionalization of CDs and optimization of the metal chelating protocol 

A protocol established by Shi et al. was adopted to functionalize CDs with Mn2+.121 First, 83.96 

µmol cDTPAA were reacted with 0.026 mmol EDC and 2 mL of a 5 mg/mL CDs dispersion in 
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PBS (pH 7.4) under constant stirring at room temperature. The mixture was allowed to react 

overnight to obtain CDs-cDTPAA. The reaction was followed by the addition of 0.79 μmol MnCl2. 

While this concentration amounts to a 1 wt% Mn2+ loading, it is predicated on the assumption that 

the metal has fully chelated to the surface of the CD. The actual (i.e. real) metal content of the 

samples was elucidated by carrying out Inductive Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) analyses. The product was then dialyzed in Milli-Q water using a Spectra/Por® 

cellulose ester dialysis membrane (MW cutoff: 3.5-5.0 kDa) during five days with fresh water each 

day. Finally, the suspension was dried in the oven at 70°C. For the optimization of this protocol, 

increasing concentrations of cDTPAA (83.96, 419.8, and 839.6 μmol) with a fixed amount of 

MnCl2 were investigated. Alternatively, the amount of cDTPAA was kept constant while 

concentrations of MnCl2 (1, 3, and 5 wt%) were varied for further experiments. Figure 12 

summarizes this protocol.  

 

Figure 12. Scheme of the formation of CDs-cDTPAA-Mn from amine-terminated CDs. 
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2.3 Characterization 

2.3.1 Transmission Electron Microscopy (TEM) 

TEM grids (3.05 mm, 300 mesh copper grids) were prepared by pipetting 25 μL of a 5 mgmL-1 

CDs dispersion in Milli-Q water and isopropanol (4:1) onto the surface followed by evaporation 

of the solvent. TEM images were collected using a LVEM5 Benchtop Electron Microscope 

(Delong America) operating at 5.3 kV.  

2.3.2 Powder X-ray Diffraction (PXRD) 

XRD pattern of CDs were obtained using a D2 PHASER X-ray Analyzer (Bruker) with Cu·Kα 

radiation (λ =1.54184 Å) running at 30 kV and 10 mA. The diffractogram were recorded in the 

range of 2θ from 0 to 80°.  

2.3.3 Ultraviolet-Visible (UV-Vis) Absorbance Spectroscopy 

50 μgmL-1 CDs dispersions were prepared. UV-Vis absorption spectra were recorded in a Cary 5 

Series UV-Vis-NIR Spectrophotometer (Agilent Technologies) in the range from 200 to 800 nm 

using a 1 cm quartz cuvette. The bandwidth was set to 5 nm with a wavelength changeover at 350 

nm. 

2.3.4 Fluorescence Spectroscopy 

50 μgmL-1 CDs dispersions were prepared. Fluorescence spectra were measured using a Cary 

Eclipse Fluorescence Spectrophotometer (Agilent Technologies) at λex = 420 and 640 nm in a 1 
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cm quartz cuvette.  The widths of the excitation and emission slits were both set to 5 nm, and PMT 

voltage to 600 V.  

2.3.5 Fluorescence Quantum Yield (QY) Measurement 

50 μgmL-1 CDs dispersions were prepared. Fluorescence QY was then determined in a FL920 

Fluorescence Spectrometer (Edinburgh Instruments) coupled to an integrating sphere in the range 

from 300 to 800 nm using a 1 cm quartz cuvette. Excitation and emission slit widths were set to 5 

nm, excitation wavelength to 405 nm, with a dwell time of 0.2 s. Scans were carried out in 

triplicates. 

2.3.6 Lifetimes Studies 

Fluorescence lifetimes were obtained in an EasyLife X fluorescence lifetime system (Optical 

Building Blocks) using a 1 cm quartz cuvette with a 368 nm pulsed ps LED excitation. The 

emission slit width was set to 1.5 mm, channel number to 500, integration time to 0.25 s. Analysis 

of 50 μgmL-1 CDs dispersions were carried out in triplicate.  

2.3.7 Photostability Studies 

Photostability was evaluated by exposing 50 μgmL-1 CDs dispersions to a longwave-UV light 

(365 nm) for 0, 0.5, 1, 2, 3, 6, 12 and 24 h. UV illumination was applied using a Chromato-Vue 

C-70G UV Viewing System. Fluorescence spectra were then recorded at λex = 420 and 640 nm 

using a 1 cm quartz cuvette in a Cary Eclipse Fluorescence Spectrophotometer (Agilent 

Technologies).  The width of the excitation and emission slits was set to 5 nm with a PMT voltage 

of 600 V. 
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2.3.8 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR) 

FTIR spectra were recorded in a Thermo Scientific Nicolet iS5 coupled to an iD5 ATR accessory. 

Spectra were collected using 100 scans with a resolution of 16 cm-1, a gain of 1, an optical velocity 

of 0.4747, and an aperture setting of 100.   

2.3.9 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) of CDs was performed using an A1 K X-ray 

Photoelectron Spectrometer (Thermo Fisher Scientific). High-resolution and survey scans from 10 

runs were resolved. Measurements were conducted in triplicates. 

2.3.10 Surface Zeta (ζ) Potential Measurements 

50 μgmL-1 CDs dispersions were used for all ζ potential measurements. Analyses were carried out 

using a Nano-ZS90 Zetasizer (Malvern) with a disposable folded capillary cell. Measurements 

were performed in triplicate at 25°C.  

2.3.11 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Metal loading was assessed using a 5100 ICP-OES system (Agilent). All CDs samples were 

digested in 1% HNO3. Three analytical wavelengths were used for analysis namely 257.610, 

259.372, and 260.568 nm. Argon was used for plasma generation and nebulization with a power 

of 1.2 kW.  Plasma flow and nebulization flow rates of 12 and 0.7 L/min were used, respectively. 
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2.3.12 Relaxivity measurements 

1 mL CDs solutions and subsequent 3:4, 1:2, 1:4 dilutions were prepared in a 96-well plate. MR 

scanning images were collected in an M2 1 T MR imaging system (Aspect Imaging). T1-weighted 

spin-echo sequence was performed with the following parameters: TE = 11 ms, TR = 400 ms, fα 

= 90°; FOV = 50 x 50 mm, slice thickness = 0.9 mm s, gap = 0.1 mm gap, dwell time = 16 μs, 

matrix size = 256 x 256, excitations = 5. 

2.3.13 Cell Viability  

2.3.13.1 Cell Culture 

Human colorectal adenocarcinoma (HT-29) cells were cultured in in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS). and incubated at 37°C in a 

humidified atmosphere with 5% CO2.  

2.3.13.2 Cytotoxicity Studies 

Cytotoxicity of CDs was investigated in HT-29 cell lines by an MTS assay. Cells were seeded in 

a 96-well culture plate at a density of 2000 cells per well in culture medium and incubated at 37°C 

for 24 h. Cells were then treated with varying concentrations of CDs (50, 100 and 250 μgmL-1), 

and incubated again for 24 h. Then, the culture medium was replaced with 200 μL of fresh 

complete medium and incubated once again for 24 h. After 24 h, the MTS reagent was added and 

incubated at 37°C for 2 h. Absorbance values were read with a Multiskan GO microplate 

spectrophotometer (Thermo Scientific) at a =490 nm. Experiments were performed in triplicates.  
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2.3.14 Neutron Activation Analysis (NAA) 

NAA was carried out to monitor the release of metal ions over time using a SLOWPOKE reactor. 

50 μgmL-1 CDs dispersions were continuously dialyzed in Milli-Q water using a Spectra/Por® 

cellulose ester dialysis membrane (MW cutoff: 3.5-5.0 kDa). Aliquots of the dialysis product were 

collected for analysis every day for 7 days.  Neutron activation analysis (NAA) is a technique to 

determine different elements based on the conversion of a stable nuclei to a radioactive nuclei 

through a nuclear reaction triggered by gamma radiation. The reaction rates to produce radioactive 

isotopes are characteristic of every element. The instrument measures the radioactivity released 

during the decay of the radionuclide which can be later translated into the number of nuclei of the 

stable isotope and will provide information about the mass, and the concentration of the element. 

This technique is mainly used for trace element analysis.136 When compared to other techniques, 

for instance ICP-based techniques, NAA offers a remarkably higher sensitivity.137 
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3 Results and discussion 

CDs were synthesized via a microwave-assisted technique. Unlike conventional heating, a 

microwave assisted technique offered faster reaction times, and more uniform heating.138 The 

reaction proceeded in a 35 mL microwave vial containing the precursors, which were heated to 

180 °C for 5 min and using a stirring setting of medium. Both formamide and L-glutathione were 

used as the carbon source and heteroatomic dopants. 

3.1 Physical Properties 

The morphology and size distribution of the as-synthesized CDs were characterized by TEM. 

Based on TEM analysis, CDs exhibited a quasi-spherical shape with an average size of 12.9 ± 3.1 

nm and a relatively broad size distribution ranging from 4 to 20 nm (Figure 13a) with a few 

aggregates due to attractive intermolecular forces, most likely due to the formation of hydrogen 

bonds among the surface groups on their surface. In the absence of elements of high atomic 

numbers in the composition of the CDs and owing to a lack of long-range order, CDs exhibit poor 

contrast as evidenced by TEM.  Following the addition of Mn2+ yields darker CDs with an average 

diameter of 32.1 ± 7.56 nm (Figure 13b) and no aggregation is observed presumably because of 

cations coordinating directly to the functional groups. The higher atomic number of the metal 

contributes to the enhanced contrast. On the other hand, upon conjugation with cDTPAA, TEM 

images (Figure 13c) revealed darker, more spherical, larger CDs with a mean size of 22.7 ± 7.1 

nm and a few aggregates, evidencing an increase in size.  Comparably, the formation of CDs-

cDTPAA-Mn, resulted in nanoparticles (Figure 13d) with an average diameter of 28.6 ± 9.2 nm, 

showing that the surface modification of CDs resulted in an increase of 15 nm of their original 

size, suggesting a successful modification. No aggregation is observed, which might be again 
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attributed to the coordination of metals to the functional groups in this case of both CDs and 

cDTPAA. We noted that the chelation of Mn2+ via cDTPAA provided a lower contrast in the TEM 

indicating that the concentration of the chelated manganese cations is lower relative to the 

approach that relies on direct electrostatic interactions between the CD surface and the metal 

cation. 

 

 

Figure 13. TEM images of (a) CDs, (b) CDs-cDTPAA (419.8 μmol), (c) CDs-Mn (3 wt %), (d) 
CD-cDTPAA (419.8 μmol)-Mn (3 wt%). Insets show the corresponding size distribution 
histograms.  

 

a. b. 

c. d. 
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In addition, PXRD was performed to determine the crystal structure of CDs. The X-ray 

diffractogram in Figure 14a revealed a broad band at a 2θ value of 23 ° corresponding to the (002) 

hkl plane. This signal has been broadly associated with the plane of graphite with an interlayer 

spacing of 0.32 nm. This suggests that CDs have a graphitic structure.139,140  No other crystalline 

reflections were observed in the diffraction pattern speaking to a predominantly amorphous nature 

of the dots. On the other hand, when compared to one of the precursors, it is observed that L-

glutathione has a clearly defined crystalline pattern showing multiple reflections. As expected, 

these reflections are not observed in the PXRD pattern of the purified dots. Conversely, after 

conjugation with cDTPAA, the resulting PXRD pattern resembled that of cDTPAA, suggesting a 

change in the crystalline structure of CDs (Figure 14b). Thus, indicating a successful 

functionalization.  

 

 

Figure 14. X-ray diffraction pattern of (a) CDs showing a broad reflection at around 23° 2 
associated with a graphitic structure. In contrast, X-ray diffraction pattern of L-glutathione shows 
a series of sharp reflections associated with well-defined long range order; and (b) functionalized 
CDs with well-defined long range order, resembling the X-ray diffraction pattern of cDTPAA. 

 

a. b. 
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To the best of our knowledge, confirmation of functionalization with cDTPAA using XRD 

has not been reported before. Hence, this approach could be a primary strategy to do so.  

3.2 Optical Properties 

The optical properties of the dots and modified constructs were investigated using absorption and 

fluorescence spectroscopies. As seen in Figure 15a, the UV-vis absorbance spectrum of CDs 

displays three bands. The first band is centered around 325 nm and could be assigned to the π → 

π∗ transition of the conjugated C=C bonds, suggesting the presence of an aromatic ring structure 

that is formed during the carbonization process. The second band is centered around 420 nm and 

could be associated with the n → π∗ transition of the C=O bonds, ascribed to a trapped excited 

state energy. The third band spans 580 to 690 nm and could be attributed to the n → π∗ transitions 

of the C=N/C=S bonds.104 In contrast, none of the precursors exhibit absorbance bands (Figure 

15a) suggesting that the observed optical properties are solely attributed to the formation of the 

CDs. The absence of an absorption signal from the precursors in the 250-800 nm range results 

from a reduced delocalization of the π orbitals of the formamide and L-glutathione molecules, 

usually ascribed to C=C bonds.141  

As seen in Figure 15a, when excited at 405 nm, CDs exhibit a dual fluorescent signal in 

the blue and the red regions of the UV-vis spectrum centered at 460 and 680 nm, respectively. On 

the other hand, when excited at 640 nm, only one fluorescence band is observed in the red region. 

The origin of the blue signal has been studied in-depth and was attributed to the carbon core while 

the red signal is believed to originate from the surface states.101 It is noteworthy to mention that 

the red fluorescence is of particular interest for this work given the potential of these CDs in 
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biological applications and knowing that longer wavelengths of light can help circumvent the 

issues of autofluorescence and limited tissue penetration.  

Both CDs as well as dots decorated with cDTPAA chelating Mn2+, were highly dispersible 

in water and remained stable over several months with no signs of aggregation at ambient 

conditions. When dispersed in water at a concentration of 50 μgmL-1, they form transparent 

colloidal dispersions, which upon exposure to UV light, evidence a bright blue fluorescence, as 

shown in Figure 15a inset. The observed blue fluorescence differs relative to the unmodified 

carbon dots which evidence a more violet colour following excitation using the same UV 

wavelength. The predominant blue color stems from the fact that chelation and coordination with 

the metal cations results in a decrease of the red fluorescence band relative to the blue counterpart 

 Similar to the unmodified CDs, the CDs-cDTPAA-Mn complex displays three bands in the 

UV-vis absorption spectrum. The first band centered around 325 nm, assigned to the π → π∗ 

transition of the conjugated C=C bonds, does not significantly change (Figure 15b), suggesting 

that the core structure is unaffected by chelation and coordination of the metal cation. As a result 

of the formation of the complex, a second band appears centered around 400 nm, which is 

associated with the n → π∗ transition of the C=O bonds and is supported by the absorption 

spectrum of CDs following conjugation with cDTPAA. Likewise, there is a formation of a third 

band which spans from 615 to 730 nm and could be attributed to the n → π∗ transitions of the 

C=N/C=S bonds. The third band could be correlated to the formation of a non-radiative complex 

and is supported by the absorption spectrum of CDs after direct coordination with Mn2+ without a 

chelator, which is shown in Figure 15b.  

Fluorescence studies confirm that following conjugation with cDTPAA and further 

chelation with Mn2+, a loss in signal intensity is observed (Figure 16a). Interestingly, only the red 
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band shows this decrease in intensity, suggesting that the surface states are solely affected. 

According to the literature, this is most likely due the formation of a non-emissive complex that 

translates into the transition between an emissive state to the ground state without the emission of 

a photon.128142 Oppositely, if the Mn2+ is directly coordinated to the surface of the CDs, it will 

result in a completely quenched red fluorescence signal. This further supports that hypothesis that 

nonradiative recombination results from electron transfer between CDs and Mn2+.  

 

 
Figure 15. Absorption and fluorescence spectra of (a) CDs showing three absorptions bands at 
250, 420 and 580-690 nm ascribed to the C=C, C=O and C=N/C=S functional groups, respectively. 
CDs exhibiting fluorescence emission at the blue and the red region of the UV-Vis spectrum when 
excited at 405 nm, stemming from the core and molecular states, respectively. When excited at 
640 nm only red fluorescence is observed. Inset at the top right of (a) showing optical image of 
CDs following illumination using ambient light (left) and UV light (365 nm) (right); and (b) CDs 
conjugated with cDTPAA, CDs coordinated with Mn2+, and CDs-cDTPAA-Mn complex showing 
formation of the three different absorptions bands at the same regions attributed to the C=C, C=O 
and C=N/C=S functional groups, respectively, due to the modification of the chemistry surface. 
CDs showing the effect of conjugation, metal coordination, and metal chelation on the red 
fluorescence emission when excited at 405 nm. Inset at the top right of (b) showing optical image 
of CDs-cDTPAA-Mn following illumination using ambient light (left) and UV light (right). 

 
 
In contrast, the sole conjugation of cDTPAA leads to a slight increase in the red 

fluorescence signal, suggesting that the surface states are affected by the addition of more 

a. b. 
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delocalized functional groups. This affirmation can be supported by the fact that the blue 

fluorescence signal, originating from the carbon core, remains unchanged after conjugation, and 

further chelation of the metal ion. In this context, the role of cDTPAA is to mitigate the quenching 

effects caused by the direct addition of Mn2+ ions, paving the way for the development of a dual-

modal probe using this type of strategy. For these reasons, we will focus on CDs-cDTPAA-Mn 

complexes rather than CDs-Mn. 

 This work focused on optimizing the conditions of the functionalization protocol with the 

goal of complexation of paramagnetic ions and thus endowing magnetic properties to the CDs 

while maintaining their fluorescent properties. Another reason to carry out fluorescence 

spectroscopy studies was to investigate how modifying the concentration of chelator and the 

concentration of metal salt in the reaction would affect the optical properties of the resultant 

functionalized CDs. To that end, CDs were first reacted with a fixed concentration of MnCl2 (1 

wt%) with increasing concentrations of cDTPAA of 83.96, 419.8, and 839.6 μmol. Figure 16a 

suggested that higher concentrations of cDTPAA allowed for more chelation sites, and hence a 

higher concentration of Mn2+ ions were loaded onto the surface of the CDs. In consequence, the 

relative fluorescence intensity decreased gradually because of the previously mentioned formation 

of the nonradiative complex. In parallel, the effect of the concentration of MnCl2 was investigated. 

In this case, CDs were reacted with the same concentration of cDTPAA (83.96 μmol) while 

increasing concentrations of MnCl2 were tested (1, 3, and 5 wt%). Even though the number of 

chelation sites remains unchanged, the addition of more metal ions would likely increase the 

probability of coordination to the chelating sites available. Correspondingly, higher concentrations 

of MnCl2 led to a more evident quenching effect of the fluorescent signal (Figure 16b). It is also 
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possible that non-quencher mediated interactions occurred between the metal cation and the CD 

surface further resulting in quenching at higher metal concentrations. 

 

 

 

Figure 16. Fluorescence spectra showing: (a) changes in the relative intensity of functionalized 
CDs as a function of increasing concentrations of cDTPAA (83.96, 419.8, and 839.6 μmol), (b) 
changes in the relative fluorescence intensity of functionalized CDs as a function of increasing 
concentrations of MnCl2 salt (1, 3, and 5 wt%). Quantum yields of functionalized CDs as a function 
of (c) increasing concentrations of cDTPAA (d) increasing concentrations of Mn2+. 

 
 
 
 The fluorescence efficiency was assessed by measuring the QY of the CDs. The QY of the 

parent CDs was measured to be 5.0%. This value is in line with other works in the literature, which 

a. b. 

d. c. 
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have successfully used CDs in bioimaging, both in vitro and in vivo, with QYs ranging from 0.2% 

to 10%.143144145 Following functionalization of the dots, their ability to emit photons is affected, as 

previously discussed before. Measured QYs ranged between 0.25 and 1.40% (Figure 16c and 16d) 

and while these are several folds lower than the parent dots, the CD-cDTPAA-Mn complex 

remains in the range of QYs suitable for molecular imaging applications. Alternatively, the direct 

coordination of metal ions resulted in QY values of ~0%, as evidenced by fluorescence 

spectroscopy studies and is attributed to the strong quenching effects. Low quantum yields are 

related to a rapid depopulation of the excited state by non-radiative processes.  

In addition, lifetimes were measured to better understand the photoluminescence 

mechanism of CDs resulting from functionalization. The parents exhibited two fluorescence 

lifetimes measured as 0.2 ns (lifetime 1) and 4.7 ns (lifetime 2). As previously discussed, they have 

been associated with the red and blue fluorescence, namely, the electron-hole recombination in the 

molecular states, and the relaxation of the electrons from the core, respectively.103  Table 1 shows 

the variation of lifetimes of functionalized CDs as a function of varying concentrations of both 

chelator and metal salt in the reaction. These findings suggest that the lifetime corresponding to 

the blue fluorescence is barely affected, almost negligible, since it is correlated to the core states. 

Conversely, the surface states seem to slightly prolong their lifetimes which could be beneficial 

for bioimaging. According to the literature, the reason for this increase in lifetime might be 

ascribed to a structural change of the CDs resulting from the formation of a covalent bond with 

cDTPAA. This structural change was confirmed by PXRD studies. Hence, a structural 

modification contributes to decrease the internal conversion (non-radiative decay process). At the 

same time, an increase in lifetime may suggest a dynamic quenching through a FRET mechanism 
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where the dipole-dipole interactions take place between the metal cation (acceptor) and the 

excited-state CDs (donor).142,146,147 

Moreover, based on changes in the fluorescence spectra and modest to little change in 

fluorescence lifetimes, it is likely that quenching occurs through a static quenching mechanism in 

which a nonfluorescent ground state complex is formed when CDs interact with Mn2+.103148  

 

Table 1. Summary of calculated lifetimes for CDs, cDTPAA conjugated CDs, and further metal 
chelated CDs.  

Sample Lifetime 1 (ns) Lifetime 2 (ns) 

CDs 0.2 4.7 

CDs-cDTPAA (83.96 μmol) 0.1 3.8 

CDs-cDTPAA (419.8 μmol) 0.1 5.8 

CDs-cDTPAA (839.6 μmol) 0.1 6.1 

CDs-Mn (1 wt%) 0.2 5.0 

CDs-Mn (3 wt%) 0.2 5.0 

CDs-Mn (5 wt%) 0.2 5.1 

CDs-cDTPAA (83.96 μmol)-Mn (1 wt%) 0.2 4.8 

CDs-cDTPAA (83.96 μmol)-Mn (3 wt%) 0.2 4.8 

CDs-cDTPAA (83.96 μmol)-Mn (5 wt%) 0.2 4.9 

CDs-cDTPAA (419.8 μmol)-Mn (1 wt%) 0.1 6.2 

CDs-cDTPAA (419.8 μmol)-Mn (3 wt%) 0.1 7.6 

CDs-cDTPAA (419.8 μmol)-Mn (5 wt%) 0.1 7.6 

CDs-cDTPAA (839.6 μmol)-Mn (1 wt%) 0.1 4.8 

CDs-cDTPAA (839.6 μmol)-Mn (3 wt%) 0.1 4.8 

CDs-cDTPAA (839.6 μmol)-Mn (5 wt%) 0.2 4.8 

 

 

The photostability of the functionalized CDs was assessed by exposing them to continuous 

UV-vis irradiation during 24 h under different conditions, and the relative fluorescence intensities 

were fitted using a Gaussian function and compared (Figure 17). Firstly, the studies were carried 
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out at ambient (~20° C) and physiological (~37 °C) temperatures in ultrapure water. When 

compared, these findings indicated that the fluorescence properties of CDs are temperature 

dependent. By increasing the temperature, the relative intensity slightly decreases likely due to 

thermal activation of nonradiated trapping. In this sense, by increasing the temperature, 

nonradiative channels activate trapping by surface states. An increase in the quenching effect with 

an increase in temperature might confirm the hypothesis of dynamic quenching through a FRET 

mechanism.142,149 At both ambient and physiological conditions a similar fluorescence profile is 

observed, with an exponential decrease after 6 hours of irradiation. During continuous irradiation 

over a period of 6 hours using a wavelength of light of 365 nm, we noted an exponential decrease 

in the fluorescence of the dots ascribed to photobleaching of the CDs.150 In other words, the 

chemical structure of the CD-cDTPAA-Mn complex starts losing its ability to fluoresce. While 

photobleaching is not desirable, we do not envision impact on the potential application of this 

probe in fluorescence imaging since fluorescence imaging follows a real-time approach and does 

not require prolonged exposure to UV wavelengths.  

The stability studies were also conducted in acidic (pH 3) and alkaline (pH 11) 

environments. It was noted that the complex is also pH dependent. An acidic environment resulted 

in a significant decrease of the relative intensity, while an alkaline environment triggered the 

opposite effect. This is due to the deprotonation and protonation of acidic and basic groups in the 

electronic states.104 To date, the pH dependency mechanism of CDs has not completely elucidated, 

and is still a subject of debate due to the relatively complicated structure of CDs.151 In terms of its 

potential biological application, this might suggest that the complex maintains its 

photoluminescent profile even under different conditions. The same exponential decay of the 
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fluorescence is observed after 6 hours for both cases. In this context, not only could the CDs-

cDTPAA-Mn serve for bioimaging, but also for temperature and pH sensing.104,105 

 

 

Figure 17. Photostability tests of CDs-cDTPAA-Mn under continuous irradiation with UV-light 
(365 nm) showing changes in the relative fluorescence intensity over a 24-h irradiation period at 
different conditions:  20 °C and 37 °C in ultrapure water; and pH 3 and 11 at 20°C. 

 

3.3 Surface Properties 

3.1.1 Surface Composition 

The surface chemistry of the CDs was investigated by FTIR. As shown in Figure 18, the presence 

of O-H and N-H stretching vibrations from hydroxyl, carboxyl and amine groups can be associated 

with the broad band from 3000 to 3500 cm-1 which will serve for further functionalization. The 

presence of C=O, C-N, and C-O bonds is confirmed by the stretches at 1659, 1375, and 1297 cm-
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1, respectively. The band at 1577 cm-1 can be assigned to the C=C/C=N bonds, which is consistent 

with previous works. 104  The surface composition of CDs is dependent on the choose of precursors, 

as depicted in Figure 18.  

 

 

Figure 18. FTIR spectra of formamide, L-Glutathione, and CDs. A broad absorption band centered 
around 3250 cm-1 was ascribed to the stretching vibration of N-H and O-H. The bands at 1659, 
1375, and 1297 cm-1 were associated to C=O, C-N, and C-O bonds, respectively. 

 
 
 

From the FTIR spectra in Figure 19a, the formation of CDs-cDTPAA-Mn is confirmed by 

a slight shift of the C=O vibration from 1703 to 1659 cm-1 and the increase of its relative intensity 

and our findings are in agreement with those of Shi et al.121 The decrease in wavenumbers could 

be explained by the formation of amide bonds between the carboxyl groups of cDTPAA and the 

amine groups in the surface of CDs, suggesting the successful formation of the complex through 
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covalent bonds. Moreover, the consumption of amine groups could be manifested by the decrease 

of the relative intensity of the broad band from 3000 to 3500 cm-1. Moreover, the band at 3010 cm-

1 corresponding to carboxyl O-H stretch stretching vibrations becomes observable due to the 

addition of carboxylate moieties. Nonetheless, the chelation of metal ions cannot be monitored by 

ATR-FTIR since vibrational frequencies of metals are out of the measuring range of the 

instrument, but they were tracked using XPS analysis (vide infra).  

 

 

Figure 19. FTIR spectra of CDs showing (a) a reduction in wavenumber after cDTPAA 
conjugation for C=O groups from 1702.62 to 1658.96 cm-1. cDTPAA is included as a reference. 
The direct coordination as wells as the chelation of metal ions is not observed since the vibrational 
frequencies of metals are out of the measuring range of the instrument; and (b) a reduction of the 
relative intensity of broad band from 3000-3500 cm-1. The prominent band at 3010.33 cm-1 
corresponding to O-H indicates a high concentration of cDTPAA molecules onto the surface of 
CDs. 

 

We investigated the effect of varying the concentrations of cDTPAA in the 

functionalization reaction and the impact on the surface properties of the dots (Figure 19b). 

Increasing concentrations of cDTPAA translated into a gradual reduction of the relative intensity 

of broad band from 3000-3500 cm 1, as previously highlighted. In this manner, fewer amine groups 

a. b. 
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were available after forming the CD-cDTPAA-Mn complex. On the other hand, the band at 3010 

cm-1, corresponding to carboxyl O-H stretch stretching vibrations, becomes more prominent. This 

could be correlated to the high concentrations of cDTPAA, which provides more chelation sites to 

capture more metal ions during the functionalization reaction. 

In addition, X-ray Photoelectron Spectroscopy (XPS) was carried out to explore the 

chemical composition of CDs and CDs-cDTPAA-Mn. The XPS spectra of CDs (Figure 20a) 

exhibited five major binding energies at 531.1, 496.1, 400.1, 286.1 and 163.1 eV which are 

associated to O1s, Mn2p, N1s, C1s, and S2p, respectively. The calculated elemental composition 

for CDs was 54.01% carbon, 14.57% nitrogen, 29.53% oxygen, 1.5% sulfur.  

The high-resolution XPS (HRXPS) spectra of each element are shown in Figures 20b-e. 

O1s HRXPS spectrum can be deconvoluted into two peaks, where 531.7 eV is assigned to C=O 

at, and 533.5 eV to C-OH/C-O-C. For N1s, two peaks are displayed at 400.2, and 402.2 eV 

suggesting a NH2/pyrolytic and graphitic nature, respectively. Spectrum of C1s can be 

decomposed into 284.0, 285.8, and 287.7 eV which can be associated with C=C/C-C, C-N, and 

C=O/C=N, respectively. For, S2p three observable peaks 161.68, 163.28, and 164.70 eV 

associated to thiophene S2p1/2, thiophene S2p3/2, thiol, C-SO2-C, and C-SO3-H, respectively.  

Similarly, functionalized CDs display the same bands for C1s, O1s, and S2p (Figures 

20f,h,i). In addition to the two observable peaks at 399.6 and 402.3 eV ascribed to graphitic N, and 

pyrrolic N/NH2, two bands are observed at 399.0, and 401.4 corresponding to C-N-C and N-H 

(Figure 20g). More notably, HRXPS Mn2p was deconvoluted in two peaks at 641.0, and 652.1 

eV, corresponding to Mn2p3/2 and Mn2p1/2, respectively (Figure 20j). It is noteworthy to mention 

that the HR-XPS signals for Mn2p have a high degree of noise, which might be related to the limit 

of detection. XPS detection limits usually range between 1 and 0.1 at%. In this case, the CDs-
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cDTPAA-Mn sample analyzed corresponds to 0.9 at% (or 5 wt%). Hence, the signal is evidently 

weak but still noticeable.  

 

 

  

 

Figure 20. (a) XPS survey spectrum of CDs. Deconvoluted HR-XPS spectra of CDs: (b) C1s in 
284.98, 285.79, and 287.68 eV corresponding to C=C/C-C, C-N, and C=O/C=N, respectively; (c) 

a. b. c. 

d. e. 

f. g. h. 

i. j. 
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N1s in 400.15, and 402.18 eV ascribed to pyrrolic N/NH2, and graphitic N, respectively; (d) O1s 
531.74, and 533.48 eV, assigned to C=O/C-O-C, and C=O, respectively; and (e) S2p in 161.68, 
163.28, 164.70 eV, associated to thiophene S2p1/2, thiophene S2p3/2, thiol respectively. 
Deconvoluted HR-XPS spectra of CDs-cDTPAA-Mn: (f) C1s in 285.62, 286.04, and 288.09 eV 
corresponding to C=C/C-C, C-N, and C=O/C=N, respectively; (g) N1s in 398.96, 399.55, 401.37, 
and 402.28 eV ascribed to C-N-C, graphitic N, N-H, and pyrrolic N/NH2, respectively; (h) O1s in 
531.04, and 532.14 eV, assigned to C=O/C-O-C, and C=O, respectively; (i) S2p in 161.62, 163.26, 
and 164.68 eV associated to thiophene S2p1/2, thiophene S2p3/2, and thiol, respectively;  and (j) 
Mn2p in 640.96, and 652.08 eV, corresponding to Mn2p3/2 and Mn2p1/2, respectively. 

 
The calculated elemental composition for CDs-cDTPAA-Mn was 58.67% carbon, 12.32% 

nitrogen, 27.08% oxygen, 1.40% sulfur, 0.76% chlorine and 0.18% manganese. These findings 

agree with FTIR results. 

 

3.3.2 Surface Charges 

Zeta (ζ) potential measurements were conducted to investigate the changes in surface charges 

following conjugation of the CDs with cDTPAA and further chelation of Mn2+. The surface zeta 

potential of the CDs was found to be -16.8 mV likely attributed to the negative carboxylic, 

hydroxyl, and amine moieties in their surface. Upon conjugation with cDTPAA, the surface ζ 

potential becomes more negative. This is triggered by the formation of an amide bond between the 

surface amine groups of the CDs and terminal carboxylate moieties of cDTPAA. Given that 

cDTPAA contains five carboxylates, one group reacts with the amine groups while the rest of the 

negatively charged groups remain unreacted. Further chelation with Mn2+ cations promotes the 

opposite effect. Upon the addition of Mn2+ cations, they are attracted by the unreacted negatively 

charged carboxyl groups of cDTPAA that are conjugated to the surface of CDs. By electrostatic 

attraction, Mn2+ ions are wrapped by the conformationally flexible molecule of cDTPAA whose 

chelation sites will share electrons with the cations to form a metal-coordinated complex. Thus, 
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the surface ζ potential becomes less negative. The change of ζ potential from CDs to CD-cDTPAA 

and then to CDs-cDTPAA-Mn suggested a successful formation of the complex.121,152 Changes in 

ζ potential upon construction of CDs-cDTPAA-Mn can be tracked in Figure 21.  

 

 

Figure 21. Surface ζ potential of CDs, CDs-cDTPAA, and CDs-cDTPAA-Mn as a function of 
varying concentrations of chelator and metal salt. 

 

3.3.3 Surface Metal Loading 

The loading of the Mn2+ cations onto the surface of CD-cDTPAA-Mn was evaluated using 

ICP-OES. Table 2 reveals that higher concentrations of cDTPAA are notably related to a higher 



 61 

metal loading. This could result from an increased number of chelation sites available to coordinate 

more metal ions. By employing higher concentrations of metal salt in the reaction, more Mn2+ ions 

might occupy the available chelation sites. Table 2, for instance, reports the real Mn2+ content in 

terms of wt%. In light of this, the maximum Mn-loading achieved was 11 wt% at the highest 

concentration of cDTPAA, which is comparable to other works that have successfully developed 

probes that surpass the efficiency of traditional contrast agents.121122 This demonstrates that this 

protocol is suitable to successfully integrate paramagnetic ions onto the surface of amine-

terminated CDs. 

 

Table 2. Mn2+ content on the surface of CDs, CDs-Mn, and CDs-cDTPAA-Mn as a function of 
varying concentrations of cDTPAA and Mn2+. 

Sample [Mn2+] (ppm) Mn-Content (wt%) 

CDs 0.00 0.00 

CDs-Mn (1 wt%) 0.06 6.00 

CDs-Mn (3 wt%) 0.07 7.00 

CDs-Mn (5 wt%) 0.12 12.00 

CDs-cDTPAA (83.96 μmol)-Mn (1 wt%) 0.01 1.00 

CDs-cDTPAA (83.96 μmol)-Mn (3 wt%) 0.02 2.00 

CDs-cDTPAA (83.96 μmol)-Mn (5 wt%) 0.04 4.00 

CDs-cDTPAA (419.8 μmol)-Mn (1 wt%) 0.02 2.00 

CDs-cDTPAA (419.8 μmol)-Mn (3 wt%) 0.04 4.00 

CDs-cDTPAA (419.8 μmol)-Mn (5 wt%) 0.07 7.00 

CDs-cDTPAA (839.6 μmol)-Mn (1 wt%) 0.08 8.00 

CDs-cDTPAA (839.6 μmol)-Mn (3 wt%) 0.09 9.00 

CDs-cDTPAA (839.6 μmol)-Mn (5 wt%) 0.11 11.00 

 

 In contrast, when Mn2+ ions are directly coordinated to the surface of CDs similar metal 

loadings are achieved. The difference is that more surface area is available for metal ions to 
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coordinate to the functional groups on the surface of CDs while the conjugation of large cDTPAA 

molecules limit the coordination sites in which metal cations can coordinate. The results in Table 

2 agree with fluorescence spectroscopy findings, where higher concentrations of metal ions have 

proven to quench the fluorescence of CDs.  

3.4 Magnetic Resonance Imaging Performance 

Once the metal content in each of the resultant CDs-cDTPAA-Mn was elucidated, we 

carried out MR imaging studies to investigate the contrast enhancement that they could potentially 

provide to fulfill the main requirement of maintaining significant fluorescent properties along with 

significant magnetic properties. To investigate the suitability of CD-cDTPAA-Mn as potential MR 

imaging contrast agents, MR imaging in vitro was carried out. The longitudinal and transversal 

relaxivities of CDs-cDTPAA-Mn were calculated from the curve fitting of the T1
-1 and T2

-1 versus 

the concentration of Mn2+, respectively.  

Relaxivity values obtained were comparable to previous works where r1 and r2 values that 

range between 0.34 - 13.88 and 2.01 - 140.70 mM-1s-1, respectively, have been reported.6,126–131 

The relaxivity enhancement results from the coordination of Mn2+ to the surface of CDs. In the 

presence of Mn2+, the relaxation rate of water would increase as a result of the dipole-dipole 

interactions between the protons and the applied magnetic field generated by the 5 unpaired 

electron spins of Mn2+. When comparing the relaxivity values of directly metal coordinated CDs 

against the relaxivity values of metal-chelated CDs via cDTPAA conjugation, we noticed that even 

at similar metal loadings, the relaxivity values are not necessarily the same. The difference relies 

on the coordination number. Each Mn2+ atom has a coordination number of 6. Upon chelation, 

Mn2+ will coordinate to cDTPAA, where all donor atoms contribute to the coordination leaving 
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one coordination site where interactions with water molecules may occur. In contrast, in its non-

chelated form, more coordination sites will be available for water molecules.50 

 

Table 3. Relaxation parameters of CDs-cDTPAA-Mn at room temperature at a clinical field 
strength (1 T) using different concentrations of cDTPAA and Mn2+. 

Sample r1 (mM-1s-1) r2 (mM-1s-1) r2/r1 

CDs 0.003 0.005 1.4 

CDs-Mn (1 wt%) 0.014 0.024 1.7 

CDs-Mn (3 wt%) 0.041 0.105 2.5 

CDs-Mn (5 wt%) 0.049 0.146 3.0 

CDs-cDTPAA (83.96 μmol)-Mn (1 wt%) 0.009 0.017 1.9 

CDs-cDTPAA (83.96 μmol)-Mn (3 wt%) 0.010 0.024 2.4 

CDs-cDTPAA (83.96 μmol)-Mn (5 wt%) 0.013 0.042 3.3 

CDs-cDTPAA (419.8 μmol)-Mn (1 wt%) 0.002 0.008 4.5 

CDs-cDTPAA (419.8 μmol)-Mn (3 wt%) 0.002 0.010 4.7 

CDs-cDTPAA (419.8 μmol)-Mn (5 wt%) 0.014 0.076 5.6 

CDs-cDTPAA (839.6 μmol)-Mn (1 wt%) 0.002 0.017 7.7 

CDs-cDTPAA (839.6 μmol)-Mn (3 wt%) 0.003 0.018 6.0 

CDs-cDTPAA (839.6 μmol)-Mn (5 wt%) 0.010 0.052 5.5 

 

 

 The r2/r1 ratio determines whether a CA has the ability to produce a T1 or T2 weighted 

effect.  Positive MR imaging CAs are characterized for their ratios ranging from 1 to 2. On the 

other hand, negative MR imaging CAs have ratios higher than 10. However, if their ratio falls 

between 2 and 10, then the MR imaging CAs agents can provide both a T1 and a T2 weighted 

effect.  129 Table 3. presents a summary of the calculated r1 and r2 values at different concentrations 

of cDTPAA and Mn2+ showing that CDs-cDTPAA-Mn could be suitable to act as both a positive 

and a negative MR imaging CA.  
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Furthermore, Figure 22 illustrates the capacity of CDs-cDTPAA-Mn to enhance the 

contrast in MR imaging. It was noted that the use of higher concentrations of chelator does not 

necessarily provide a better contrast even though it allows for a greater metal ion loading onto the 

surface of the CDs. The reason again is related to the coordination number of Mn2+. Moreover, a 

high number of cDTPAA ligand molecules could be interfering with the direct coordination of 

Mn2+ to protons in water hence reducing the enhancing effect. This finding is further supported by 

Figure 22c-e, where it was observed that the direct coordination of metals provided the highest 

contrast enhancement even at low concentrations of Mn2+. Thus, from Figure 22 it can be stated 

that the functionalization of CDs with concentrations of cDTPAA as low as 83.96 μmol, and 

concentrations of Mn2+ as high as 7 wt% provided the highest contrast enhancement without 

sacrificing the fluorescent properties of CDs.  

 

 

Figure 22. MR images of functionalized CDs. 

Water 
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3.5 Toxicity Assessment  

In order to assess the potential use of Mn2+-doped CDs in clinical applications, biocompatibility 

studies were carried out.  Previous works have shown that these particular CDs have a low 

cytotoxicity in HeLa cells with no decrease in cell viability at concentrations up to 100 μgmL-1 

after 24 h.104105 Nonetheless, a standard cell viability MST assay was performed to ensure that the 

CDs maintained a low cytotoxicity even after functionalization. The results evidence that after HT-

29 cells have been treated with CDs for 24 h, there seems to be an increase in the proliferation, 

especially at high concentrations (Figure 23). This promotion of cellular growth has been observed 

before with negatively charged CDs, along with production of reactive oxygen species 

(ROS).153,154  After CDs have been functionalized with cDTPAA and Mn2+, a decrease in the 

viability can be observed at both the low and a high concentration of metal ions. However, this 

decrease is only significant for concentrations greater than 100 μgmL-1 according to Student’s t-

test (p<0.05). The promotion of cell proliferation is no longer observed since the functional groups 

that mitigated the ferric toxicosis are being used to bind the chelator. Moreover, we compared the 

cytotoxicity of both nonchelated and chelated forms of Mn2+. The evidence shows that Mn2+ 

decreases the cell viability to a larger extent when it is not chelated. Thus, this supports the 

hypothesis that the use of chelators helps reducing the cytotoxicity of metal ions in CAs.  These 

findings suggest that CDs-cDTPAA-Mn hold a great potential to be used for biological 

applications with a low cytotoxicity.155,156  

Besides low cytotoxicity, one of the requirements in the design of CAs for medical 

applications is that the chelating agent must strongly bind the metal ions to avoid their release into 

the body.157 To investigate the stability of CDs-cDTPAA-Mn dispersions, leakage studies were 

carried out using NAA assessments, which revealed that approximately 1.4, 7.2, 11.2, 13.3, 13.7, 
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and 16.9 % of Mn2+ ions were released after 0.5, 1, 2, 3, 4, and 7 days, respectively (Figure 24). 

Despite forming thermodynamically stable complexes, cDTPAA can undergo decomplexation 

 

Figure 23. In vitro measurement of HT-29 cell viability after incubation with Mn-doped CDs at 
different concentrations (50,100, and 250 μgmL-1) for 24 h at 37 °C in a 5% CO2 atmosphere. * 
p<0.05 

 

because of a competition by available protons at pH 7.4 and this is correlated to the constant rate 

of dissociation. In other words, Mn2+ ions will compete with other protons to coordinate to 

cDTPAA, leading to an exchange of metal ions, also known as transmetallation, that ends in Mn2+ 

ions releasing from the structure of cDTPAA.158,159 These findings however imply a good 

structural stability of CDs-cDTPAA-Mn for use in imaging applications under a conventional 

timescale for imaging.129 
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Figure 24. Percentage release of Mn2+ over time upon continuous dialysis of CDs-cDTPAA-Mn 
for 7 days. 
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4 Concluding Remarks 

4.1 Conclusion 

Fluorescent CDs were synthesized using a microwave-assisted technique involving the 

carbonization of L-glutathione and formamide. Characterization experiments revealed that these 

amorphous carbon nanoparticles have sizes of nearly 12 nm, are photostable over a prolonged light 

exposure period of time, display a bright dual fluorescence in the blue and red regions of the 

spectrum with a QY up to 5% and bear a rich surface comprising numerous functional groups 

including carboxyls, hydroxyls, and amines.  

In this work, amine groups of the dots were used to conjugate cDTPAA, which was then 

able to chelate specific concentrations of paramagnetic ions, namely Mn2+, to endow magnetic 

properties. By using a chelator, the fluorescence quenching problem that arises with the direct 

coordination of metal ions in the CD surface was mitigated.  As a result, a nanosystem that couples 

fluorescence and magnetic properties was developed as a potential dual-mode FL/MR imaging 

contrast agent. From the optimization of the protocol to prepare the CDs-cDTPAA-Mn, it was 

evidenced that the optical properties of CDs are influenced following functionalization. In general, 

it was observed that the fluorescence emission of CDs was less intense when increasing the 

concentration of metal ions loaded onto their surface. Nonetheless, when the MR performance was 

assessed, functionalized CDs provided good contrast and relatively low r1 and r2 values of 0.0491 

and 0.1458  mM-1s-1, respectively. From its r1/r2 ratio, it is evidenced that they are suitable for both 

T1w images, with a minor T2w effect.  

Finally, cytotoxicity studies demonstrated that there is no significant decrease in cell 

viability up to a concentration of 250 μgmL 1, which suggests that they may have potential for 
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further development in clinical applications. Altogether, this water-dispersible probe that 

combines the superior spatial resolution of MR imaging with the high sensitivity of FL imaging, 

can contribute towards the development of a more efficient, safer, and more sensitive optical probe 

that can assist in achieving an earlier diagnosis of disease. 

 

4.2 Future Perspectives 

Mn-doped CDs chelated through cDTPAA hold a great potential as a safer multi-modal imaging 

probe to replace their potentially more toxic Gd-counterparts. In addition to its biocompatibility, 

one of the most important requirements of a good CA is its stability. If this probe were to be 

introduced into a biological system, the chelator, which has affinity for other metals in the body 

(e.g. Ca2+), will un-coordinate its Mn2+ ions and coordinate Ca2+ instead. This phenomenon, also 

known as transmetallation, could lead to cytotoxic effects.125 Furthermore, given the relatively low 

relaxivity of CDs-cDTPAA-Mn, further improvement can be made by passivating their surface 

with amine-rich agents (e.g. with polyethylenimine (PEIs) which has been widely used) which 

first, would improve their QY and second, would endow them with more chelation sites to 

coordinate more metal ions.160–163 Finally, in vivo MR imaging, in parallel with cytotoxicity 

studies, will be needed to determine their applicability and viability in a “real” biological 

setting.164–166 
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