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Chapter 1. Introduction 

1.1. Motivation 

Graphene quantum dots (GQDs) have attracted substantial attention in biomedical 

research as a promising multimodal platform for contrast agent development with therapeutic 

delivery capabilities [1, 2]. GQDs are zero-dimensional nanostructures composed of a few 

graphene layers, typically with lateral dimensions smaller than 15 nm. Their carbon lattice and 

functional groups enable them to bind various molecules such as siRNA [3, 4], ssDNA [5], 

miRNA [6], proteins [7], small molecules [8, 9], and drugs such as doxorubicin [10], and 

methotrexate [11] via ˊ-ˊ stacking, electrostatic interactions, or covalent bonding. Due to their 

small size GQDs demonstrate low toxicity in vitro and in vivo, resulting in efficient cellular 

uptake/excretion as well as clearance from the body [2]. GQDs are photostable and exhibit 

fluorescence in the visible due to the electronic quantum confinement enabling their 

applications in cell imaging and biosensing in vitro [12, 13]. While most GQDs fluoresce in 

the visible, some structures were recently developed to exhibit near-infrared (NIR) 

fluorescence arising from electronic states at the functional groups and defect sites [14]. Other 

nanocarbons, such as carbon nanotubes and graphene oxide, in addition to their fluorescence 

can demonstrate the enhancement of ultrasound signal positioning them as contrast agents for 

ultrasound imaging [15, 16]. This led us to explore GQDs as dual-mode NIR fluorescence and 

ultrasound contrast agents. Combining ultrasound imaging's anatomical visualization and deep 

penetration capabilities with high specificity and resolution of the NIR fluorescence presents 

an opportunity to achieve superior imaging performance in low/medium-depth applications. 

Thus, our aim is to develop a biocompatible graphene quantum dot-based platform exhibiting 
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both NIR fluorescence and ultrasound contrast properties for dual-mode diagnostic imaging in 

vivo, providing a critical advantage in the detection of small cancer tumors [17], inflammation 

sites [18], sentinel lymph node biopsies [19], or direct image-guided surgeries [20]. 

The significance of this work is in the ability to address the critical needs of providing 

better diagnostic capabilities via portable and cost-effective bioimaging techniques such as 

near-infrared fluorescence and contrast-enhanced ultrasound imaging. The innovation of this 

work lies in the use of biocompatible graphene quantum dots to enhance the performance and 

accuracy of existing near-infrared and ultrasound imaging techniques with an additional 

capacity for therapeutic transport. Such a multifunctional agent has not been developed to date, 

and will facilitate an innovative advancement in diagnostic imaging. 
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1.2. Questions to be answered 

 

i. Can GQDs exhibit NIR fluorescence upon NIR excitation? 

Here, we will study the properties of functionalized and rare-earth metal-doped GQDs via 

structural and morphological characterization. We will also employ absorption, fluorescence, 

photostability, and quantum yield measurements. We will determine if the introduction of 

defect states and rare-earth metals make GQDs emit NIR fluorescence upon NIR excitation. 

This will indicate if the GQDs can be potentially utilized as a NIR fluorophore in vitro and in 

vivo and this will be covered in Chapter 2. 

ii.  Can GQDs serve as NIR fluorophores in vitro? 

This question requires us to estimate the cytotoxicity of GQDs and evaluate the ability of the 

GQD to be imaged in HEK-293 cells upon NIR excitation. We will also determine the optimal 

time at which GQDs are internalized in cells. This will be done by using near-infrared 

fluorescence properties of functionalized and rare-earth metal-doped GQDs. This analysis will 

be discussed in Chapter 3. 

iii.  Do GQDs enhance ultrasound signal ex vivo and in vascular phantom? 

At this point of the study, in Chapter 4 we will be looking to see if the functionalized and rare-

earth metal-doped GQDs enhance ultrasound signals in vascular phantom and animal tissue. 

The aqueous solution of quantum dots at concentration showing maximum cell viability, will 

be introduced inside the vascular phantom and animal tissue. An ultrasound linear probe will 

be used to generate and receive reflected ultrasound signals to get the image.  

iv. Are GQDs suitable as NIR fluorophores in vivo? 
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We will determine if the GQDs can be used as NIR fluorophores in vivo in the animal studies 

in Chapter 5. We will perform toxicity, biodistribution, clearance, pharmacokinetic studies, 

and in vivo imaging on Balb/C mice that are intravenously or intraperitoneally administered 

with GQDs. In vivo studies will help us to validate and expand the results that we got from in 

vitro studies.  

 

v. Can GQDs serve as dual-mode ultrasound and fluorescence contrast agents in vivo? 

At this point of the study, in Chapter 6 we will be looking to see if rare-earth metal-doped 

GQDs enhance ultrasound signals and exhibit NIR fluorescence in Balb/C mice. NIR 

fluorescence imaging as well as ultrasound imaging of mice will be taken at 1, 6, 12, 24, 48-

hour post-injection. We will find optimal time for dual-mode NIR fluorescence/ultrasound 

imaging in liver, spleen, kidneys ï the major organs participating in nanomaterial metabolism 

and clearance.  
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1.3. Literature Review/Background Study 

1.3.1. Non-invasive diagnostic imaging techniques 

 

Non-invasive diagnostic imaging techniques are rapidly evolving to become promising 

tools in disease prevention [21, 22]. Simplicity and painlessness of health checkups positively 

affect patientsô experience in early diagnostics, while readable clinical reported outcomes 

improve doctor and patient understanding of underlying diseases [23]. Various imaging 

techniques have been developed to facilitate early diagnosis, including magnetic resonance 

imaging (MRI), positron emission tomography (PET), computed tomography (CT), 

photoacoustic imaging (PAI), ultrasound (USI), and fluorescence imaging [24]. However, each 

technique has its benefits and drawbacks in terms of sensitivity, spatial resolution, and 

penetration depth. MRI exhibits high tissue penetration depth and spatial resolution, providing 

good soft tissue contrast, however, poor sensitivity makes it difficult to detect biomolecules at 

a low concentration [25]. CT offers high spatial resolution, although it provides less detailed 

images of soft tissues compared to MRI [26]. PET is a sensitive technique that allows the 

detection of small amounts of radiolabeled markers; however, it has a relatively low spatial 

resolution and lacks information on anatomic and structural details of tissues and organs [27]. 

To address these challenges, dual-modality systems like PET/MRI and PET/CT have been 

developed, combining high spatial resolution, penetration depth, and sensitivity for 

applications in oncology, cardiology, and neurology [28]. Despite their unparalleled diagnostic 

advantages, the high cost and limited availability of these systems constrain their functionality, 

leaving disease prevention and early diagnostics insufficient, and in some instances, 

completely lacking in remote areas of low-income regions and countries. For this reason, there 
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is an apodictic need to develop simplistic, affordable, multimodal methods of diagnostic 

imaging.  

Few diagnostic tools can be considered affordable while possessing substantial global 

availability, portability and versatility. Among those are fluorescence and ultrasound imaging 

[29, 30]. Moreover, ultrasound machines have been already used as point-of-care tests since 

they became more advanced, widespread and user-friendly over the world within the past few 

decades [31, 32]. Ultrasound has gained recognition as a valuable diagnostic tool by the World 

Health Organization (WHO) [33]. USI operates in the frequency range of 2-18 MHz yielding 

high penetration depth and anatomical visualization with, however, relatively low sensitivity 

and specificity. Near-infrared (NIR) fluorescence imaging offers complementary advantages, 

including high sensitivity and specificity. NIR fluorescence imaging has been a desirable 

technique for biomedical diagnostic in ophthalmology [34], tissue diagnostic [35], and 

therapeutic tracking [36] due to deeper penetration of the near-infrared light into the biological 

tissue. Fluorescence imaging is also generally a low-cost approach due to the broad availability 

of the fluorophores and detectors in the visible tailing into the near-infrared. While NIR 

fluorescence imaging offers high versatility, sensitivity and resolution, its penetration depth is 

still below that of many other medical imaging approaches. By combining ultrasound 

imaging's deep penetration capabilities with the high specificity and resolution of NIR 

fluorescence, dual-mode NIR fluorescence/ultrasound imaging presents an opportunity to 

achieve superior imaging performance in low/medium-depth applications and has the potential 

to become an affordable multimodal diagnostic tool in resource-limited areas. This requires 

the development of contrast agents capable of simultaneously enhancing ultrasound signals 

and emitting NIR fluorescence upon NIR excitation.  
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1.3.2. Fluorescence  

 

Fluorescence is an optoelectronic phenomenon where a material emits light for a finite 

time after absorbing an excitation photon [37]. In order for that to happen, an electron in this 

material located in the lower (ground) state is excited by an absorbed photon to the higher 

(excited) state. There it can undergo internal conversion, which is a non-radiative transition 

between two electronic states of the same multiplicity, and then falls to the lowest excited state. 

When an electron is in its lowest excited state, it can return to the ground state through a 

radiative transition, accompanied by the emission of a photon.  

Fluorescence is typically defined by its excitation/emission wavelengths, lifetime and 

quantum yield. Excitation and emission wavelengths define the energies of the absorbed and 

emitted photons, with the emitted photon having a lower energy than the absorbed one. The 

average time an electron spends in the exited state is called the lifetime and it can be derived 

from the following equation: Ὅὸ ὍὩ  where t is time, Ű is the excited state lifetime, Io is 

fluorescence intensity at t = 0 s. Quantum yield (QY) determines the probability of a photon 

emission after it absorbs light. Quantum yield can be assessed with optical methods either 

absolutely with an integrating sphere gathering all emitted photons, or relatively to a 

fluorescence standard of known fluorescence quantum yield with similar excitation and 

emission wavelengths [38]. The first method can be characterized by the following equation: 

ὗὣϷ  ρππ, where So is a spectral area from incident light, S1 is a spectral area 

scattered from sample, S2 is a spectral area emitted from sample. The relative method of 

determining quantum yield is characterized by the following equation:   

  , where S and R denote the sample and reference, respectively, ūR is the 
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known quantum yield of the reference standard, I is the integrated fluorescence spectrum 

intensity, A is the absorbance of the solution at the excitation wavelength (ɚex), and n is the 

refractive index of the solvent, which depends on wavelength. A molecule can repeatedly 

absorb and emit light, but because the excited-state energy is much higher than the ground-

state energy, there is a greater likelihood of irreversible photochemical degradation, known as 

photobleaching. This is because fluorophores that are in the excited state are more likely to 

react with other molecules. The photobleaching of organic fluorophores are commonly 

explained by oxygen-dependent and oxygen-independent pathways [39]. Both mechanisms 

involve electronic excitations to triplet states since triplet states have longer lifetimes and are 

more reactive [40]. Using photostable fluorophores resistant to photobleaching enables longer 

imaging acquisition, enhancing signal intensity and maintaining it above biological 

autofluorescence, which undergoes photobleaching over time.  

1.3.3. Near-infrared (NIR) fluorescence imaging 

Near-infrared (NIR) imaging is one of the most rapidly developing prospective 

techniques in biomedical diagnostics. With 820 nm laser excitation NIR fluorophores are now 

routinely applied in clinical settings for high-resolution imaging of the retina and choroid, 

sentinel lymph nodes, and atherosclerosis [34, 41, 42]. NIR fluorescence possesses all the 

attributes of regular visible fluorescence-based diagnostic imaging, while enabling over 10ï

100 times deeper tissue penetration and detection with lower biological autofluorescence [43, 

44]. This occurs within several optical windows of 650ï950 nm (NIR-I), 1000ï1350 nm (NIR-

II), and 1550ï1870 nm (NIR-III) suitable for biomedical imaging (Figure 1) [45]. Recent 

studies show that the highest tissue transmission starts at 950 nm [46] and the biological 

autofluorescence is minimized above 1000 nm [45], while the fluorescence of the FDA-
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approved indocyanine green (ICG) and a variety of other NIR dyes in development falls 

generally below those thresholds. In addition, ICG is toxic to retinal pigment epithelium cells 

at a concentration of 5 mg ml-1 after more than 10 minutes of exposure [47].  

 

Figure 1. NIR-I and NIR-II optical transparency windows in some biological tissues and fluids [45]. 

Furthermore, NIR dyes possess substantially lower quantum yields (QY) than 

conventional visible fluorophores [48, 49]. This disadvantage can be circumvented by having 

higher fluorophore photostability that may play an important role in the NIR applications 

requiring multiple hours of patient observation. However, all currently used NIR dyes do not 

possess sufficient photostability to utilize those advantages. Given the advent of drug delivery, 

the ability of fluorophores to aid in drug transport or trace multiple combination therapeutics 

at the same time to the disease site is also highly desired. All these unmet requirements indicate 

the critical need in the development of biocompatible photostable NIR imaging agents capable 

of drug tracing and delivery. New developments in nanotechnology can aid in undertaking this 
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challenge as fluorescence properties of nanomaterials can often be tailored synthetically to 

address multiple aforementioned needs. 

While NIR dyes often have higher QYs than nanomaterial platforms, the latter are 

generally more photostable and, in the long run, can provide effective and quantitative 

fluorescence tracking and assessment of payload bioavailability. Inorganic nanomaterials, such 

as single-walled carbon nanotubes (SWCNTs) [50-53], PbS, CdTe/CdSe quantum dots (QDs) 

[54, 55], Ag2S nanoparticles [56], quantum rods [57], and rare-earth metal nanoparticles [58-

60] exhibit fluorescence emission in NIR-IðNIR-III regions having both excitation and 

emission in the NIR, as desired for bioimaging. Despite the encouraging results of using these 

fluorophores in bioimaging, their advancement to the clinic is still hampered by several 

limitations, including high photobleaching rates, insolubility in water, and high toxicity. In 

addition, there are many unresolved issues with understanding how these probes interact with 

animal models [61]. Liver, spleen, and kidneys are primary organs that accumulate 

nanomaterials therefore being more susceptible to their toxic effects. During first pass 

metabolism, significant accumulation of the nanoparticles is expected in the liver, as the 

systemic blood flow is directed there for filtration [62]. Therefore, liver is one of the first 

organs to experience the effect of exogenous materials. Previous studies demonstrate that PEG-

coated rare earth metal nanoparticles (NPs) show accumulation in liver and spleen after 

intravenous injection with a retention time of 3 months and only partial excretion [63]. Mice 

that exposed to CdSe QDs for 2 days to 6 weeks can experience liver damage [64], while the 

oral exposure to silver nanoparticles without polymer coating elevates immune responses in 

rat spleen [65]. Kidneys are the main excretory organ that maintains the balance of body fluid, 

and supports rapid filtration, while temporarily retaining a substance within their tissue and, 
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therefore, widely exposed to the administered materials. Accumulation of nanoparticles in 

kidneys is strongly dependent on their size, shape, surface chemistry and biodegradation. This 

is apparent with smaller size CdO quantum dots degrading within the renal proximal tubule 

cells and causing the expression of renal injury biomarkers in maternal mice and their offspring 

after QDs inhalation [66]. Overall, Cd divalent ions are found to cause irreversible damage to 

renal tubules causing concern regarding the application of cadmium-based quantum dots in 

nanomedicine [67, 68]. Metal free CNTs and graphene oxide exhibit toxicological effects on 

lung and liver tissues in mice, inducing oxidative stress and an immune response [69, 70].     

This calls for the development of more biocompatible NIR-II fluorescence probes.   

To eliminate toxicity concerns, cadmium-free QDs such as InP [71] and Zn-Cu-In-Se 

QDs [72] have been developed and utilized for in vivo applications. In addition, these 

semiconductor QDs demonstrate tunable emission with peaks ranging from 515 to 845 nm for 

InP QDs, and 630ï800 nm for Zn-Cu-In-Se QDs suggesting the possibility for multiplex 

bioimaging in the NIR-I optical window. However, their complicated, expensive or non-eco-

friendly synthetic methods hinder their wide-scale production. Therefore, even though 

inorganic nanoparticles offer a promising option for NIR imaging and therapeutic transport, 

there is still a demand for novel nanomaterials with cost-effective, scalable, and eco-friendly 

synthesis, smaller sizes, NIR emission/excitation capabilities, and high biocompatibility. 

Ideally, for applications in drug delivery and sensing, these nanomaterials should be easily 

modifiable though chemical functionalization, allowing the attachment of targeting agents and 

drug/gene payload. 
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1.3.4. Contrast-enhanced ultrasound imaging 

 

Ultrasound imaging is a portable and low cost technique that provides deep penetration 

up to 22 cm at low frequency settings, and can achieve relatively high spatial (0.1 mm at 15 

MHz) and temporal resolution, providing real-time feedback [73, 74]. Typical diagnostic 

sonographic scanners operate in the frequency range of 2ï18 MHz, orders of magnitude above 

the limit of human hearing, ensuring comfort and usability for patients. Medical ultrasound is 

based on the ability to differentiate between the internal organs and their compartments from 

surrounding tissue due to their different acoustic impedance [75]. However, when diagnostic 

targets cannot be distinguished from the surrounding tissue, contrast-enhanced ultrasound 

(CEUS) may enable more specific detection. CEUS is an established technique in cardiac 

imaging [76], as well as in the visualization of liver lesions [77], and renal carcinoma 

diagnostics [78]. The present-day ultrasound contrast agents (UCAs) have to satisfy the 

following requirements: (1) be biocompatible and biodegradable, (2) have high stability in 

blood, and (3) have good echogenicity (ability to reflect an ultrasound signal). Currently, there 

are three FDA-approved UCAs: Lumason (Bracco, Milan, Italy), Definity (Lantheus, North 

Billerica, MA, USA), and Optison (GE Healthcare, Oslo, Norway) that generally satisfy the 

aforementioned conditions. These contrast agents consist of inner gaseous cores surrounded 

by lipid or albumin micrometer-sized shells. The distinct advantage of such microbubble 

contrast agents over their CT and MRI counterparts is their high biocompatibility. For instance, 

while patients with preexisting renal conditions are known to develop adverse reactions to CT 

and MRI contrast agents including kidney dysfunction [79, 80], UCAs show little to no toxicity 

[81]. Along with all the benefits of using microbubbles as UCAs, there are some disadvantages: 
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microbubbles do not last very long in circulation (half-life time is less than 10 min) and, 

similarly to liposomes, can be taken up by Kupffer cells or dissociated in the blood stream 

[82]. They can collapse at low ultrasound frequencies and higher powers (>1.3 mechanical 

indices [83]), leading to local microvascular ruptures [84]. Ultrasound imaging is also limited 

in its resolution and is not highly applicable for high-precision targets [85, 86]. Finally, these 

agents only enable a single diagnostic application. Given the appeal of modern therapeutics 

toward multimodal approaches, there is a high expectation of making ultrasound contrast 

agents capable of more than one function. Some of these critical issues can be addressed via 

advances in modern nano-biotechnology. 

The main advantage of applying nanotechnology in medicine is the versatility of 

nanomaterials that may offer drug delivery and detection capabilities [87, 88]. Thus, the use of 

nanomaterials holds promise for enhancing ultrasound contrast agents and integrating them 

with other modalities. For instance, modification of ultrasound contrast agents with ligands 

that bind to the receptors of interest can allow the UCA to accumulate selectively in areas of 

interest [89]. Graphene oxide (GO) possesses photothermal and optical properties that allow 

for application in treatment and bioimaging [90, 91]. As an example, deposited onto the 

poly(lactic) acid microcapsule enclosing gold nanoparticles, GO was able to enhance 

ultrasound imaging and inhibit tumor growth after laser ablation [92]. CuS nanoparticles 

deposited on the microbubble contrast agents also demonstrate enhanced ultrasound absorption 

in vitro and in vivo and are able to destroy the tumor [93, 94].  

1.3.5. Current solutions to the development of dual-mode contrast agents 

Conventional approaches integrating contrast-enhanced ultrasound and NIR 

fluorescence imaging modalities typically involve embedding fluorophores within polymer 
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microbubbles [95]. This utilizes a layer-by-layer assembly technique building upconversion 

nanoparticles onto the surface of microbubbles that are filled with sulfur hexafluoride. These 

constructs provide enhanced ultrasound signals in the blood vessel phantoms and exhibit 

upconversion emission with near-infrared irradiation [96]. Despite the potential of 

microbubbles as ultrasound contrast agents, their restriction inside a vascular system due to 

their micrometer sizes hampers translation to the clinic. Nanoscale alternatives, including 268 

nm nanobubbles filled with perfluoropropane gas and composed of surfactant shells with 

incorporated fluorescent dyes demonstrate ultrasound enhancement and NIR fluorescence in 

VX2 rabbit tumor tissues confirming successful passage of these nanobubbles through the 

tumor vessels [97]. Further developments with perfluoropropane-filled nanobubbles involve 

127 nm nanobubbles doped with three different dyes, enabling the ultrasound signal 

enhancement and multicolor imaging under single-wavelength excitation [98]. 

Nanobubble approaches, however, incur problems with cavitation leading to the local 

microvascular rupture [99] and photobleaching of the incorporated dyes restricting image 

accumulation times and limiting quantitative imaging analysis [100]. This can be potentially 

mitigated by entirely different technology based on pH-induced agglomeration of PEGylated 

gold nanoparticles co-coated with zwitterionic imidazole groups. When agglomerated from 

3.5±0.4 nm initial sizes to 1048.7±225.7 nm clusters, these nanomaterials enhance ultrasound 

signal and facilitate NIR fluorescence emission in low-pH injured kidneys of BALB/c mice 

[16]. These materials, while offering a potential alternative, restrict dual imaging to low-pH 

applications. Fluorophore quenching limitations can be also addressed by integrating 

photostable fluorescent carbon nanodots within polylactic acid microbubbles [101].  

Combining the advantages of these approaches: metal-induced ultrasound enhancement and 



 

15 
 

photostable NIR fluorescence emission of carbon nanomaterials, may allow the development 

of effective dual-mode contrast agents. 

1.3.6. Graphene quantum dots 

Graphene quantum dots (GQDs) are nanoscale zero-dimensional (0D) fragments of 

functionalized graphene, typically measuring less than 20 nm in lateral dimensions (Figure 2). 

GQDs are semiconductors and possess distinctive optoelectronic properties, enabling their use 

in a wide range of applications, including optoelectronic devices and biomedical probes [13, 

102, 103]. 

 
Figure 2. Molecular visualization of NGQDs geometrically optimized with MMFF94 energy 

minimization calculation 

GQD synthesis follows two main approaches: the top-down method, which involves 

breaking down larger graphene-based materials into nanometer-scale GQDs, for example, arc-

discharge method [104], laser ablation [105], chemical exfoliation and combustion [106, 107]; 
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and bottom-up, such as microwave synthesis [108, 109], hydrothermal synthesis [110, 111], 

and thermal pyrolysis [112], involving further carbonization of small carbon-containing 

molecules used as precursor materials [113]. Due to their carbon lattice structure and the 

presence of oxygen functional groups, GQDs are water-soluble and can bind various molecules 

through ˊ-ˊ stacking or electrostatic interactions. Oxygen functional groups also allow for 

covalent functionalization [114]. These properties make GQDs excellent candidates for 

delivering a variety of therapeutic platforms. Compared to their relatives, single-walled carbon 

nanotubes (SWCNTs) and graphene oxide (GO), GQDs exhibit minimal toxicity in vitro and 

in vivo due to their smaller size and rapid excretion [2]. They can successfully deliver several 

drug and gene payloads [115-117]. For instance, the non-covalent transport of doxorubicin by 

the GQDs leads to improved chemotherapeutic efficiency with 10-fold lower treatment doses 

needed to produce the therapeutic effect in HeLa and MCF-7 cells [115]. GQDs, conjugated 

with plasmid DNA and MPG-2H1 chimeric peptide non-covalently facilitate their transfection 

into HEK-293 cells enabling gene delivery with nuclear targeting [117].  

GQDs possess a structure that includes both sp2 domains and sp3 hybridized carbon 

atoms (Figure 2), which makes the origin of GQD fluorescence a subject of ongoing debate. It 

has been attributed to the quantum-confinement effect, defect states, and functional groups 

[118, 119]. In GQDs, functional groups disrupt the continuous sp2 hybridized carbon network, 

isolating the sp2 domains and thereby confining the ˊ electrons [120, 121]. This phenomenon 

results in a finite band gap, and therefore photoluminescence, generally in the visible spectral 

region [122]. Additionally, the visible fluorescence of GQDs is dependent on the excitation 

wavelength, as different sizes of sp2 graphitic regions can be excited and emit fluorescence at 

varying wavelengths. GQDs exhibit changes in fluorescence based on the pH of the biological 
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environment, with distinct behaviors observed in cancerous and non-cancerous cell lines. The 

passivated functional groups on the surface of GQDs influence their emission properties 

through protonation and deprotonation, enabling them to function as pH sensors [123]. Several 

GQD-based optical sensors have also recently been developed for the detection of RNA [3], 

ssDNA [5], miRNA [6], proteins [7], and small molecules [8, 9]. 

The fluorescence lifetime of graphene quantum dots typically ranges from 2 to 5 ns, 

making them suitable for few select time-resolved applications, including sensing, and 

fingerprint imaging in forensic science [124-127]. Unlike common dyes, GQDs are resistant 

to photobleaching due to their large aromatic platform [14].  

Improving GQD biocompatibility and image-tracking modalities can facilitate the 

progression of the GQD platform toward in vivo applications. Utilizing near-infrared (NIR) 

fluorescence instead of visible light is crucial for deeper-tissue imaging, as visible light 

undergoes greater scattering and absorption. These biological windows represent three 

distinctive wavelength regions: 700 to 950 nm (NIR-I), 1000 to 1350 nm (NIR-II), and 1550 

to 1870 nm (NIR-III) [45]. While visible fluorescence of GQDs mostly arises from the 

quantum-confinement effect, functional groups and defect sites contribute to long-wavelength 

fluorescence, including near-infrared [14]. In order to modify GQD optical properties toward 

the desired NIR emission, the introduction of defect states, such as oxygen-containing groups 

or heteroatoms (sulfur, nitrogen), and doping with rare-earth metal ions can be utilized [128, 

129].  

1.3.7. Rare-earth metals 

Rare-earth elements or lanthanides constitute a class of elements found in the 6th row 

of the periodic table. Lanthanides possess complex optical properties, due to the incompletely 
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filled 4f shell that is shielded by their outer-shell electrons and whose energy levels undergo 

splitting mechanisms [130]. One of these properties is luminescence that for the trivalent 

lanthanide ions (Nd3+, Yb3+, Ho3+ and Tm3+) arises from f-f transitions of the 4f shell and f-d 

transitions in the 4f-5d shell. The f-f transitions provide the lanthanide elements with various 

energy level spacings in the NIR photon energy range [131]. Such variety in energy levels of 

Nd3+, Yb3+, Tm3+, and Ho3+ can result in fluorescence in the NIR-I, -II, -III spectral regions 

(Figure 3). These ions, therefore, can serve as doping elements for the development of various 

materials emitting at different NIR wavelengths and enabling multiplex imaging [128, 129]. 

Building on the success of coordination chemistry, researchers incorporated rare-earth metal 

ions into ligands to develop NIR lanthanide complexes. While the concept of using 

coordination chemistry is promising, these complexes remain distant from clinical application 

due to their complicated and expensive synthesis, toxicity concerns, and poor water solubility 

[129]. Rare earth-based nanoparticles already showed their high photostability, deep tissue 

penetration [58, 59], and high quantum yields of up to 32% depending on the structure [132]. 

However, challenges in synthesizing core/shell structures and the increased size of these 

nanoparticles hinder their ability to penetrate biological tissues, limiting the progress of rare-

earth metal-based nanomaterials toward clinical trials. Therefore, doping graphene quantum 

dots with rare-earth metals can be a viable next step in developing biocompatible NIR emissive 

fluorophores. 
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Figure 3. Normalized emission spectra of luminescent lanthanide complexes in solution [133].  
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Chapter 2. NIR Fluorescence of GQDs  

 

Can GQDs exhibit NIR fluorescence upon NIR excitation? 

2.1. Overview 

In order to produce a whole range of graphene quantum dots (GQDs) emitting at 

different NIR wavelengths and enabling multiplex imaging, introduction of defect states, such 

as oxygen-containing and amine groups, and doping with a variety of rare-earth metal ions 

(Nd3+, Yb3+, Tm3+, and Ho3+) is used in this work. We developed six types of biocompatible 

graphene quantum dots exhibiting spectrally-separated fluorescence in the NIR range of 928ï

1053 nm with NIR excitation. Their optical properties in the NIR are attributed to either defect-

states (nitrogen doped GQDs (NGQDs), reduced graphene oxide GQDs (RGQDs)) or rare-

earth metal dopants (Ho-NGQDs, Yb-NGQDs, Nd-NGQDs, Tm-NGQDs). RGQDs were 

synthesized through oxidization of high porosity reduced graphene oxide via top-down 

method, while NGQDs and Ho-NGQDs, Yb-NGQDs, Nd-NGQDs, Tm-NGQDs were 

produced via bottom-up method where glucosamine serves as a carbon precursor and a 

nitrogen source [123], while rare-earth metal salts provide Nd3+, Ho3+, Yb3+, Tm3+ dopants 

[134]. Here, we will use TEM and EDX in order to perform structural and morphological 

characterization of six types of GQDs and determine their size range and elemental 

composition. We will also employ absorption, fluorescence, photostability, and quantum yield 

measurements to characterize optical properties of GQDs and determine if introduction of 

defect states and rare-earth metals make GQDs emit NIR fluorescence upon NIR excitation. 



 

21 
 

2.2. Experimental Materials and Methods 

Synthesis of NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-NGQDs, Tm-NGQDs 

and RGQDs 

 
NGQDs were synthesized following the procedure: 4 g of glucosamine hydrochloride 

(Sigma-Aldrich batch #104K0082) was dispersed in 250 mL of deionized (DI) water and 

processed for 60 min in 1100W, Proctor Silex, microwave oven (model: PSCMZFG13S211, 

power level 3). In order to produce Ho-NGQDs, Yb-NGQDs, Nd-NGQDs and Tm-NGQDs, 

0.04 M of glucosamine hydrochloride (346299, Sigma-Aldrich) and 0.008 M of 

Ho(NO3)3ẗ5H2O (14483-18-2, Thermo Scientific), or 0.008 M of YbCl3ẗ6H2O (337927, 

Sigma-Aldrich), or 0.008 M of Nd(NO3)3ẗ6H2O (Sigma-Aldrich), or 0.008 M of 

Tm(O2C2H3)3ẗ4H2O (Thulium (III) acetate tetrahydrate, Chem Craft Ltd.) were dispersed in 

250 ml of distilled water and were treated for 60 min in 1100W, Proctor Silex, microwave 

oven.  

RGQDs were synthesized via a top-down approach by oxidizing high porosity reduced 

graphene oxide (RGO) (HP-RGO-025G, Graphene Supermarket, Ronkonkoma, NY, USA), 

where RGO was dispersed in DI water at a concentration of 0.25 mg ml-1 and 1 mL of sodium 

hypochlorite (LC246364, LabChem, Zelienople, PA, USA) was added to the aqueous RGO 

suspension. The vials were shaken, capped, and allowed to react for 2 days. 

To remove unreacted material, all GQD product was dialyzed using 1 kDa molecular 

weight cutoff (MWCO) dialysis bags for 24 h against distilled water. The water was changed 

every 30 min for the first 3 h followed by further changing it every 7 h. The purified material 

was further filtered through a 0.22 µm syringe filter removing any larger aggregates and 

sterilizing the sample. 
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Structural and optical characterization 

The size distribution and morphology of NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-NGQDs, Tm-

NGQDs and RGQDs was assessed via the HRTEM (high-resolution transmission electron 

microscopy, JEOL JEM-2100) with energy dispersive x-ray analysis (EDS, JEOL, Peabody, 

MA, USA). The samples were air-dried on the carbon-coated 200-mesh copper grid. The 

presence of functional groups on the GQD surface was assessed via the ATR mode of the 

Thermo Nicolet Nexus 670 FTIR after freeze-drying samples in Labconco FreeZone 4.5 

freeze-dryer. The absorbance of NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-NGQDs, Tm-NGQDs 

and RGQDs was measured within the range of 200ï1000 nm with Agilent Technologies (Cary 

60 UVïvis) absorption spectrometer. Yb-NGQDs absorbance within the range of 950ï1200 

nm was measured using NS2 NanoSpectralyzer (Applied NanoFluorescence, Houston, TX, 

USA). Fluorescence spectra of the samples in the visible and NIR, as well as the QY in the 

NIR, were measured using Horiba Scientific SPEX NanoLog spectrofluorometer. Due to the 

proximity of the excitation of the Yb-NGQDs at 980 nm to their emission at 997 nm excitation 

laser line was subtracted from their spectra. 

Quantum yield and photostability measurements 

A comparative approach was utilized to calculate the QY of GQDs choosing ICG (2.5% QY 

in water [135]) as a reference material. 808 nm excitation at a power density of 0.08 W cmī2 

and 650 nm excitation at a power density of 0.2 W cmī2 were used. The following formula was 

used to calculate the QY of GQDs:  

ὗὣ ὗὣ          (1) 
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In the above expression, QYref denotes the QY of ICG dye, FLIGQDs and FLIref represents 

experimentally measured integrated fluorescence intensity of GQDs and ICG, AGQDs and Aref 

indicates the absorbance of GQDs and ICG at the excitation wavelength. The refractive index 

of water is a function of the wavelength, therefore, the following refraction indexes of water 

based on the GQD and ICG maximum emission peaks were used for each sample: nref (871nm) 

= 1.324 244, nHo-NGQDs (967nm) = 1.322 249, nNGQDs (983 nm) = 1.321 994, nNd-NGQDs (1053nm) 

= 1.320 775 [136]. Photostability of NGQDs, Nd-NGQDs, RGQDs, ICG, Ho-NGQDs, and 

Yb-NGQDs in aqueous suspension was measured under continuous 808 nm, 650 nm, and 980 

nm laser exposure at a power density of 0.2 W cmī2 [137, 138]. A 1 mm pathlength quartz 

cuvette was used for photostability measurements to avoid diffusion of the non-exposed to 

irradiation GQDs. 

2.3. Results and Discussion 

In order to demonstrate the potential of NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-

NGQDs, Tm-NGQDs and RGQDs to serve as near-infrared fluorophores in biomedical 

imaging applications, we studied their structural and optical properties. Here, we synthesized 

NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-NGQDs using a simple 'bottom-up' microwave-

assisted hydrothermal method with glucosamine serving as a carbon precursor and a nitrogen 

source, while rare-earth metal salts provided Nd3+, Ho3+, Tm3+ or Yb3+ dopants. RGQDs were 

produced using a 'top-down' approach from commercially available reduced graphene oxide, 

oxidized by sodium hypochlorite photodissociation products. HRTEM imaging verified the 

nanoscale sizes of the synthesized NGQDs (5.7 ± 1.0 nm), Nd-NGQDs (5.5 ± 1.1 nm and 11.0 

± 1.6 nm), Ho-NGQDs (5.9 ± 1.2 nm), Yb-NGQDs (5.6 ± 1.8 nm), Tm-NGQDs (6.3 ± 2.4 nm) 

and RGQDs (4.0 ± 0.7 nm) (Figure 4 (a)). All the samples showed characteristic sp2 graphitic 
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lattice fringes and their spacing within 0.19ï0.28 nm range (Figure 4 (b)), likely corresponding 

to the (100) and (002) planes of graphene, affected somewhat by defects and heteroatom 

dopants [139, 140].  

 

Figure 4. HRTEM images of GQDs with the corresponding (a) size distribution and (b) interplanar 

distances. Insets represent FFT images of the chosen area. 
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Concomitant EDX analysis was used to verify the content of GQDs and doping with 

rare-earth metals (Table 1) [14, 134, 141, 142]. Considering that the majority of unreacted 

precursors were removed by 24 h dialysis, atomic percentages of rare earth metals ranging 

from 1.0% (Nd) to 2.4% (Ho) reflect their content within the GQDs. The remaining atomic 

composition of NGQDs, Nd-NGQDs, Ho-NGQDs, Yb-NGQDs, and Tm-NGQDs consists of 

carbon, oxygen, and nitrogen, whereas RGQDs contain only carbon and oxygen.  

Table 1. Energy dispersive X-ray spectroscopy (EDX) analysis of all samples. 

 

Sample 

Atomic percentage, % 

C O N Nd Ho Yb Tm 

RGQDs 91.3 8.7      

NGQDs 78.0 11.1 10.9     

Nd-NGQDs 76.5 17.1 5.4 1    

Ho-NGQDs 51.3 46.5   2.2   

Yb-NGQDs 80.9 12.5 4.2   2.4  

Tm-NGQDs 93.5 4.9 1.1    0.5 

 

Oxygen and nitrogen reside in the form of functional group addends on GQD carbon backbone, 

as demonstrated by FTIR (Figure 5). A band at 3200-2400 cm-1 corresponds to the hydroxyl 

groups (O-H). NGQD-based samples demonstrate bands at 3094 cm-1 that can be attributed to 

the stretching vibrations of N-H groups. The peak centered at 2943 cmī1 correspond to the 

vibrational transitions of C-H. Ketonic species (C=O) demonstrate a band within 1600ï1650 

cmī1 and 1750ï1850 cmī1 [143], that can overlap with a peak from the absorbed water 

molecules [144]. Stretching vibration of C-H is detected at 1425 cm-1. The vibration modes of 
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epoxide (CïOïC) demonstrate a peak at 1340 cm-1. The band at 1031 cm-1 correspond to the 

CïOH vibrations from COOH. These functional groups ensure water solubility of the resulting 

GQD product critical for biological applications.  

 

Figure 5. FTIR spectra of GQDs. For visualization spectra are progressively shifted up. 

The optical properties of synthesized GQDs were further assessed via UVïvis and NIR 

absorbance spectroscopy to evaluate their potential for near-infrared excitation. Similar 

absorbance peaks corresponding to ˊḯ * transitions at CƏC bounds were observed for both 

NGQDs and RGQDs at Ḑ230 nm (Figure 6), while for Nd-NGQDs, Ho-NGQDs, Tm-NGQDs 

and Yb-NGQDs, this peak appeared to be blue-shifted likely due to the electronic contribution 

of rare-earth dopants [145]. This further confirms the influence of rare earth metal doping for 

all three doped nanostructures. All GQDs also exhibit a peak/shoulder at Ḑ280 nm and 300 nm 
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arising from nīˊ* electronic transitions of functional groups present in the GQDs [146]. The 

extensive tail in the GQD absorbance spectra will enable their fluorescence excitation in the 

visible spectral region. 

 

Figure 6. UV-vis absorption spectra of GQDs within 190 ï 600 nm range. Inset: zoom in on the 200 ï 

400 nm range. 

VIS-NIR absorbance spectra of NGQDs and RGQDs (Figure 7(a)) present a long absorption 

tail extended beyond the visible end of the spectrum potentially corresponding to the transitions 

at larger graphitic carbon regions [147]. The NIR absorbance spectra of Ho-NGQDs, Nd-

NGQDs, Tm-NGQDs (Figure 7(a)), and Yb-NGQDs (Figure 7(b)) demonstrate characteristic 

rare-earth metal peaks at 640 nm, 794 nm, 780 nm and 974 nm, respectively, corresponding to 

ligand field transitions associated with the 5I8 Ÿ 
5F5 transition of Ho3+ [148], 4I9/2 Ÿ 

4F5/2 

transition of Nd3+, 3H6 Ÿ 
3H4 of Tm3+ [128], and 2F7/2 Ÿ 

2F5/2 transition of Yb3+ [149].  
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Figure 7. Absorbance spectra of GQDs in the VIS-NIR, and (b) Yb-NGQDs in the NIR. 
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The extensive NIR absorption tail observed for NGQDs and RGQDs as well as sharp-featured 

NIR absorption peaks of Ho-NGQDs, Nd-NGQDs, Tm-NGQDs and Yb-NGQDs enable their 

fluorescence excitation in the NIR-I and NIR-II biological windows with lowered absorption 

and tissue scattering of the excitation light. Since NIR fluorescence microscopy is limited to 

excitation with particular laser lines, excitation wavelengths of 650 nm, 808 nm, and 980 nm 

were chosen for Ho-NGQDs, Nd-NGQDs and Tm-NGQDs, and Yb-NGQDs at their respective 

absorption features. Not as restricted by their absorption spectra, NGQDs and RGQDs were 

excited at 808 nm. This wavelength located substantially deep within the NIR-I window for 

diminished tissue scattering and absorption can be generated by low-cost communication lasers 

democratizing this imaging approach.  

All GQDs exhibit visible fluorescence attributed to the electronic quantum confinement 

within the regions of graphitic carbon on their graphitic surface (Figure 8) [118]. NGQDs, Nd-

NGQDs, Ho-NGQDs, Tm-NGQDs, Yb-NGQDs, synthesized through the same 'bottom-up' 

method, possess similar broad fluorescence features peaking at Ḑ500 nm with 400 nm 

excitation, while the peak for RGQDs is shifted to 530 nm. While being less relevant for the 

present work, this visible fluorescence demonstrates the similarity in electronic configuration 

for all structures with slight changes produced by nitrogen doping and minimal to no influence 

from rare earth metals.  
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Figure 8. Normalized fluorescence emission of GQDs in the visible range with 400 nm excitation. 

The NIR fluorescence spectra of all the GQDs are, on the other hand, substantially 

different and appear to be dopant-dependent (Figure 9(a)). Excited at 808 nm both RGQDs and 

NGQDs exhibit broad NIR emission features with peaks at 928 and 983 nm, respectively. A 

red shift of NGQD fluorescence can be dictated by surface passivation with nitrogen dopants. 

Nd-NGQDs excited at 808 nm exhibit fluorescence emission at 895 nm and 1053 nm 

corresponding to the 4F3/2 Ÿ 4I9/2 and 4F3/2 Ÿ 4I11/2 ligand field transitions of Nd3+, 

respectively, with the most pronounced peak at 1053 nm [150]. Tm-NGQDs exhibit emission 

at å910 nm potentially due to 3H4 Ÿ 
3H6 transition of Tm3+. Thus, Tm-NGQDs, RGQDs, 

NGQDs, and Nd-NGQDs, excited with the same 808 nm laser can be used for imaging of 

multiple targets simultaneously via monitoring different NIR emission wavelengths (910 nm, 

928 nm, 983 nm, and 1053 nm). Two fluorescence features at 906 nm and 967 nm are observed 

for Ho-NGQDs excited at 650 nm and attributed to the 5I8 Ÿ 5I5 and 4I8 Ÿ 5I6 transitions of 

Ho3+ respectively [151, 152]. Ho(NO3)3ẗ5H2O does not exhibit NIR fluorescence on its own, 
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which suggests that the GQDs platform protects Ho3+ from strong water-assisted quenching. 

With 980 nm excitation Yb-NGQDs demonstrate a broader feature in the 990ï1100 nm region 

arising from the crystal field splitting of the Yb3+ 2F7/2 ground state [153, 154]. Upon excitation 

at 400 nm, Yb-NGQDs produce similar fluorescence within 900ï1100 nm, and a peak at 975 

nm, corresponding to the 2F5/2 Ÿ 2F7/2 transition of Yb3+ (Figure 9(b)). Since 400 nm is not 

suitable for in vivo bioimaging applications, 980 nm excitation was further used. This results 

in having six spectrally-separated NIR GQD fluorophores. 

While being an important characteristic of fluorophore's NIR emission capabilities, 

NIR quantum yield (QY) is usually very low and rarely assessed for nanomaterials. In order to 

fully characterize GQDs as fluorophores developed in this work, we utilized a comparative 

QY measurement with commonly used ICG dye as a reference. This showed QYs generally 

below 1% ranging between 0.09 and 0.69% (Table 2). The QY of RGQDs was previously 

measured with the use of an integrating sphere as 6.29 ± 0.50% and 1.34 ± 0.15% with 637 

and 808 nm excitation, respectively [147]. While still being on a lower end, QY exhibited by 

the GQDs is higher than that of a number of molecular NIR probes [129]. Furthermore, lower 

QYs can be compensated for by high photostabilities allowing for longer integration times and 

prolonged analyte monitoring. GQDs developed in this work have demonstrated outstanding 

NIR fluorescence photostabilities in water within 4 h of laser irradiation compared to ICG dye, 

which quenched within 30 min of exposure (Figure 10). These properties suggest that spectrally 

separated GQD fluorophores developed in this work (NGQDs, RGQDs, Tm-NGQDs, Nd-

NGQDs, Ho-NGQDs, and Yb-NGQDs) have a potential for simultaneous multi-wavelength 

imaging and analyte detection. 
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Figure 9. (a) Normalized fluorescence emission of GQDs in the NIR spectral range. (b) Fluorescence 

emission of Yb-NGQDs with 400 nm laser excitation. 
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Table 2. Comparative measurements of QY of GQDs and ICG standard. 

Sample Solvent Excitation, nm Quantum Yield (%) 

Nd-NGQDs Water 808 0.68 

NGQDs Water 808 0.22 

RGQDs Water 808 1.34 [147] 

Ho-NGQDs Water 650 0.09 

ICG Water 808 2.5 [135] 
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Figure 10. Photostability of ICG, RGQDs, NGQDs, and Nd-NGQDs under 808 nm laser exposure, 

Yb-NGQDs under 980 nm laser exposure, Ho-NGQDs under 650 nm laser exposure at a power 

density of 0.2 W cmī2. 
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2.4. Summary 

In this work, we have developed six NIR imaging platforms: RGQDs, NGQDs, Nd-NGQDs, 

Yb-NGQDs, Ho-NGQDs and Tm-NGQDs. These GQDs were synthesized using cost-effective 

'top-down' and 'bottom-up' synthetic procedures resulting in 4ï11 nm graphitic nanostructures 

with either oxygen or oxygen and nitrogen-containing functional groups. Nd-NGQDs, Yb-

NGQDs, Tm-NGQDs and Ho-NGQDs also contain few percent of corresponding rare earth 

metal dopants. With 650 nm, 808 nm, and 980 nm laser excitation, Ho-NGQDs, NGQDs, 

RGQDs, Tm-NGQDs, Nd-NGQDs and Yb-NGQDs exhibit fluorescence emission within 

NIR-I and NIR-II biological windows with peaks at Ḑ970 nm, 980 nm, 930 nm, 910 nm, 1050 

nm and 1010 nm, and NIR QYs of up to 1.34%. Their NIR fluorescence is remarkably 

photostable within 4 h of continuous irradiation as compared to that of conventional 

fluorophores. This allows for long signal accumulation times compensating for lower NIR 

QYs. 



 

36 
 

Chapter 3. NIR Fluorescence Imaging In Vitro 

Can GQDs serve as NIR fluorophores in vitro? 

3.1. Overview 

Biological safety is a critical factor when evaluating nanomaterials for biomedical applications. 

The underlying mechanism of toxicity of carbon-based nanomaterials may involve generation 

of reactive oxygen species, DNA damage, lysosomal damage, mitochondrial dysfunction 

[155]. Compared to other carbon-based nanomaterials, such as graphene oxide or carbon 

nanotubes, GQDs demonstrate remarkably low cytotoxicity that can depend on their size, 

concentration, and surface functionalization [156]. The cytotoxicity is typically characterized 

through cell viability in an in vitro test, such as MTT or LDH. To ensure GQDs are suitable 

for biomedical applications, evaluation of biocompatibility and bioimaging capabilities in vitro 

is performed in this work via the MTT assay in HEK-293 cells. We also determine the optimal 

time at which GQDs are internalized into the cells for the most effective fluorescence imaging. 

This is done by detecting visible and near-infrared fluorescence of functionalized and rare-

earth metal-doped GQDs within the cells. This investigation aims to optimize GQD doses and 

structures for safe and effective use in bioimaging.  

3.2. Experimental Materials and Methods 

Cell Culture 

In vitro studies were performed using human embryonic kidney 293 (HEK-293) cells. The 

cells were cultured in Dulbeccoôs modified Eagle medium (D6046, Sigma-Aldrich), 10% fetal 

bovine serum (16140-063, Gibco), l-glutamine (G7513, Sigma-Aldrich), minimum essential 

medium non-essential amino acid solution (M7145, Sigma-Aldrich), and 1% 
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penicillin/streptomycin (P4333, Sigma-Aldrich). The cell culture was placed in a Midi 40 CO2 

incubator (3403, Thermo Scientific) at 37 °C with 5% CO2 and further used for the cell viability 

assay as well as the cell internalization study. 

MTT Assay 

Standard MTT cell viability assays were employed to evaluate the cytotoxicity of metal-doped 

NGQDs. HeLa cells were plated in a 96-well plate at a density of 5000 cells per well (100 ɛL 

per well) and kept in an incubator overnight at 37.1 °C while maintaining 5% CO2. After 24 h 

of incubation, the samples were added into each well in serial dilutions. After the next 24 h of 

incubation, the medium was replaced by 100 ɛL of 1 mg ml-1 of MTT (3-(4-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide). After 4 h of further incubation, MTT was replaced 

with 100 ɛL of dimethyl sulfoxide (DMSO) to solubilize a highly absorbing byproduct known 

as formazan. The metabolic activity of living cells was further assessed with absorbance 

measurements. The absorbance of formazan proportional to cell viability was measured in each 

well at 580 nm using a FLUOstar Omega microplate reader. 

Cell Internalization Study 

Cell internalization studies were performed with biocompatible 1 mg mlī1 concentrations of 

NGQDs, Yb-NGQDs, Nd-NGQDs, Tm-NGQDs and 0.5 mg mlī1 concentrations of RGQDs 

and Ho-NGQDs. In short, HEK-293 cells were plated onto the coverslips placed in a 6-well 

plate at a density of 10 000 cells per well. The coverslips were cleaned and coated with rat tail 

collagen I (ALX-522-435-0020, Enzo) as per the manufacturer's protocol for the attachment 

of HEK-293 cells. The next day all samples were introduced into respective wells and 

incubated for 1, 6, 12, 24, and 48 h. Coverslips with cells were then washed with 1X phosphate-

buffered saline to remove GQDs that had not been internalized. Cells were further fixed 
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between the cover slip and a microscope slide with 4% formaldehyde solution (28 908, Thermo 

Scientific) and 1× Fluoromount-GTM mounting medium (00-4958-02, Invitrogen). Ḑ100 cells 

were imaged at each internalization study time point for each GQD type. Mean fluorescence 

intensity per unit area was calculated for each cell and deemed proportional to the amount of 

internalized GQDs. 

3.3. Results and Discussion 

The cytotoxicity of all GQDs was assessed in HEK-293 cells by the MTT assay (Figure 

11). Nanomaterials are considered generally biocompatible at above 80% cell viability which 

was achieved at 0.5 mg mlī1 for RGQDs and Ho-NGQDs, at 1 mg mlī1 for Yb-NGQDs, Tm-

NGQDs, Nd-NGQDs and at 2 mg mlī1 for NGQDs. This indicates that very low metal doping 

levels (< 2.4%) do not drastically affect the biocompatibility of the new doped structures. The 

slight increase in NGQD cell viability has been previously related to the cellular metabolism 

of glucosamine precursor remains [123]. Moreover, all these GQDs have higher 

biocompatibility than some common NIR dyes, REM nanoparticles and SWCNTs [157-159]. 

For convenience, biocompatible concentrations of 0.5 mg mlī1 for RGQDs and Ho-NGQDs, 

and 1 mg mlī1 for NGQDs, Nd-NGQDs, Tm-NGQDs and Yb-NGQDs, were chosen for further 

internalization/excretion studies in the HEK-293 cells.  

In order to track GQDs inside the cells and assess the optimal timeline for imaging, a 

visible and NIR fluorescence-based internalization/excretion study was performed in vitro via 

hyperspectral NIR fluorescence microscopy. Based on the GQD optical properties, NIR 

fluorescence emission within the cells was recorded with the following excitation lasers and 

only at specific emission wavelengths (Table 3). Hyperspectral imaging allowed selecting a 
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single wavelength specific to each GQD type and, thus, collecting its signal separately from 

potential autofluorescence and/or other dyes. 

 
Figure 11. MTT assay viability of HEK-293 cells treated with GQDs. 

 

Table 3. Excitation and emission parameters used for internalization/excretion study of GQDs in 

HEK-293 cells. 

Sample 

 

RGQDs Ho-NGQDs NGQDs Yb-NGQDs Nd-NGQDs Tm-NGQDs 

Excitation(nm) 

 

808 650 808 980 808 460 

Emission (nm) 

 

930 970 980 1010 1050 540 

  

Each GQD suspension was introduced into the HEK-293 cells at its corresponding 

biocompatible concentration and incubated for 1, 6, 12, 24, and 48 h to provide a range of 

imaging timepoints tracing internalization. As GQDs internalized into cells, their intracellular 

fluorescence intensity normalized per unit cell area was used as a measure of 

internalization/excretion dynamics of the nanomaterial. All GQDs enter the cells with 

maximum accumulation at 6ï12 h of incubation followed by excretion/degradation after 24 h 
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(Figure 12). While confocal visible microscopy was used to ensure successful intracellular 

translocation of the nanomaterials, NIR hyperspectral imaging demonstrated their capacity for 

NIR image tracking within the cell (Figure 12, Figure 13). Since RGQDs and Nd-NGQDs have 

higher NIR QY than other GQDs, their imaging required shorter integration times. Minimal to 

no emission was detected in the extracellular environment as GQDs were removed by a 

preliminary washing step leaving only those that internalized. It is also apparent that all the 

GQDs exhibit bright intracellular fluorescence in the visible and in the near-infrared suggesting 

that all five synthesized structures can serve as visible and, most importantly, NIR 

fluorophores. 

Their capability for multianalyte detection and multiplex imaging was further verified by 

introducing five GQD types into the same well with HEK-293 cells and imaging them all 

together at a 6 h time point. In this experiment 650 nm, 808 nm and 980 nm lasers were used 

one-by-one to excite five different types of GQDs (Tm-GQDs were excluded due to the overlap 

with RGQDs), while their fluorescence was recorded using the hyperspectral imager at specific 

emission wavelengths of their respective fluorescence maxima (Table 3). Overlaid 

fluorescence signals showed successful co-internalization of all the GQDs with substantial 

signal overlap (Figure 14 (a,b)). Looking at each wavelength channel separately (Figure 14 

(c)), it is possible to spectrally distinguish the location of each of the GQD type within the 

cells. This verifies the possibility of multiplex imaging with up to five different GQDs, which 

can be used for simultaneous tracing of five different therapeutic agents in combination 

therapies or sensing up to five different analytes in vitro. Furthermore, considering high tissue 

penetration depth at all the NIR excitation and emission wavelengths used in this work, these 

GQDs have a significant potential for multiplex imaging in vivo. 

 



 

41 
 

 
Figure 12. Intracellular concentration of GQDs (a)NGQDs, b) Yb-NGQDs, c) Ho-NGQDS, d) 

RGQDs, e) Nd-NGQDs, f) Tm-NGQDs) in HEK-293 cells over the period of 1ï48 h analyzed by 

considering their average fluorescence intensity per unit cell area collected at their maximum 

emission wavelengths. Inset: Bright-field/fluorescence overlay with visible and NIR GQD 

fluorescence collected with confocal visible and hyperspectral near-infrared microscopy. GQD visible 

fluorescence (shown in green) is excited with 460 ± 20 nm and collected using 535 ± 20 nm filters. 

Near-infrared GQD fluorescence (shown in red) is excited and collected at the wavelength specified 

in table 3 for each GQD type. 
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Figure 13. (a) Bright-field/NIR fluorescence confocal overlay image of HEK-293 cells treated with 

Tm-NGQD for 12 h. (b) Spectra recovered from bright Tm emission spots within the Tm-NGQDs-

treated cells after background subtraction.  
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Figure 14. (a) Broadband NIR image (900ï1600 nm) of the HEK-293 cells incubated with five 

GQDs. The cells are outlined based on the bright field image (b). (b) Bright-field/NIR fluorescence 

overlay image of HEK-293 cells taken with an InGaAs NIR camera. Near-infrared GQD fluorescence 

is shown in red (900-1600 nm emission). (c) A false-colour fluorescence image of HEK-293 cells 

colored by the type of GQDs (RGQDs (red), Ho-NGQDs (green), NGQDs (blue), Yb-NGQDs 

(yellow), and Nd-NGQDs (magenta)), taken at each wavelength channel separately and combined 

together. 
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3.4. Summary 

Synthesized nanostructures appear to show low toxicity at up to 0.5ï2 mg mlī1 concentrations, 

allowing the use of substantial GQD doses for high contrast imaging. The capability of in vitro 

fluorescence tracking has been evaluated for all six GQD types in HEK-293 cells with all 

showing successful internalization maximized at 6ï12 h and effective intracellular imaging in 

the visible and NIR. Furthermore, the ultimate ability of using five GQDs with five different 

emission wavelengths for multiplex imaging in the NIR has been verified for the first time in 

this work in HEK-293 cells. While such capabilities are well-developed for visible 

fluorescence tracking, this work introducing five spectrally-separated NIR fluorophores 

provides a critical advancement for NIR imaging, where multiplexing was rarely an option. 

These novel nanomaterials can address the critical need for simultaneous bioimaging and 

further enable real-time multidrug delivery and multianalyte detection in vivo via high 

penetration depth NIR fluorescence. 
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Chapter 4. Ultrasound Properties of GQDs ex vivo and 

in vascular phantoms 

 

Do GQDs enhance ultrasound signal ex vivo and in vascular 

phantom? 

4.1. Overview 

Due to the lack of ultrasound scattering centers, GQDs are not expected to exhibit 

substantial echogenicity; however, in several reports, larger carbon nanotubes and graphene 

oxide show enhancement of ultrasound contrast [15]. Functionalized multiwall carbon 

nanotubes (MWCNTs) used as UCAs enable increased ultrasound signals comparable to 

commercial UCAs and exhibit high echogenic properties in animal tissue [160]. It is also 

known that metals can enhance ultrasound signals due to their high acoustic impedance [161]. 

In this part of the work, we will be looking to see if the introduction of the rare-earth metals to 

GQDs can enhance ultrasound signals in vascular phantoms and animal tissue. It is also 

plausible that lanthanide ions can serve as a bridge between oxygen functional groups of 

several GQDs as previously observed with graphene oxide [162]. This can lead to the 

formation of clusters and enhancement of the ultrasound signal similarly to the one in 

PEGylated gold nanoparticles co-coated with zwitterionic imidazole groups [16]. When 

agglomerated from 3.5±0.4 nm initial sizes to 1048.7±225.7 nm clusters, these nanomaterials 

substantially enhance ultrasound scattering and facilitate NIR fluorescence emission in low-

pH injured kidneys of BALB/c mice [16].  To test rare-earth metal doped GQDs for the 

ultrasound enhancement, they are introduced inside the vascular phantom and animal tissue at 

a concentration facilitating maximum cell viability in vitro. A linear probe of the GE Logiq E 
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ultrasound system is used to generate and receive reflected ultrasound signal to get the image. 

Ultrasound Imaging is performed in collaboration with Dr. Olga Zub, a clinician at Alfa 

Radiology, Dallas, TX. Further we will determine if the GQDs can be used as ultrasound 

contrast agent along with serving as NIR fluorophores. 

4.2. Experimental Materials and Methods 

 

Ultrasound Imaging 

All ultrasound imaging was performed with the GE Logiq e ultrasound system. The instrument 

was set in the B-mode and CHI mode, with a depth of 4ï5 cm, mechanical index of 0.5ï0.6, 

and gain of 44ï66. The transducer was coated with Aquasonic 100 ultrasound transmission 

gel. Water dispersions of metal-doped NGQDs in the concentrations range of 0.5 to 1.6 mg ml-

1 are injected with a 10 mL syringe and imaged in a vascular phantom (Ultrasound Guided IV 

Trainer, Your Design Medical), and chicken breast tissue. Experiments were performed using 

a 10ï13 MHz linear probe placed perpendicularly to the observed object. The ultrasound 

signals on the bar plots are reported in 8-bit gray scale intensity from 0 to 255 shades of gray. 

Ultrasound images were further analyzed using ImageJ to assess the signal intensity arising 

from NGQDs. Statistical analysis on three samples was performed using one-way ANOVA 

analysis. 

Zeta potential  

Zeta potentials of Nd-NGQDs and Tm-NGQDs were measured to evaluate the net charge of 

these in aqueous and 1x PBS suspensions using a NanoBrook ZetaPALS instrument. The same 

instrument was used to measure dynamic light scattering (DLS). 
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4.3. Results and Discussion 

In order to assess the capabilities of rare-earth metal doped GQDs to enhance ultrasound 

imaging, GQD samples at biocompatible concentrations ranging from 0.5 to 1 mg ml-1 are 

tested in two biological tissue-simulating environments: vascular phantom in gel casing and 

chicken breast (Figure 15).  

 

  

Figure 15. Schematic illustration of the experiment conducted in the vascular phantom (a) and chicken 

breast (b). 

First, aqueous suspensions of metal-doped GQDs are introduced inside the vascular 

phantom in gel casing, with non-doped NGQDs and DI water used as controls. While both 

controls injected in the vascular phantom channels show nearly no signal in the ultrasound, 

metal-doped NGQDs exhibit substantial scattering and, thus, provide ultrasound contrast as 

they move through the channels (Figure 16 (a)). Ultrasound intensity from the metal-doped 

NGQDs in the vascular phantom is comparable to hollow silicon nanoparticles at 1 mg ml-1 

[163] and oxidized single-wall carbon nanotubes at 1 mg ml-1 tested in vitro [160]. Image 

analyses of metal-doped and non-doped NGQDs yield statistically significant difference (P < 

0.05), indicating that all metal-doped and non-doped NGQDs are echogenic as compared to 
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the control water, although metal-doped NGQDs demonstrate around 10 times higher intensity. 

To investigate their ultrasound contrast capability in different density materials simulating 

different types of human tissue, metal-doped NGQDs are injected and imaged in chicken breast 

(1.15 g/cm3) (Figure 16 (b)). Long thick and short thin white lines in Figure 16 (b) correspond 

to the epimysium and perimysium of a muscle, respectively. An epimysium is the sheath of 

tissue surrounding a muscle, while a perimysium is the sheath of tissue surrounding a bundle 

of muscle fibers. Due to their thicker structures, they are both echogenic and appear in a normal 

ultrasound image of the tissue [164]. As a result, Nd-NGQDs and Tm-NGQDs demonstrate a 

high ultrasound response in the place of injection, indicating their ultrasound contrast 

capabilities. Water controls again show no substantial contrast enhancement. Nd-NGQDs and 

Tm-NGQDs injected into the chicken breast exhibit higher ultrasound contrast than the 

oxidized MWCNT at 1 mg ml-1 tested in the pigôs liver and heart [160].  

  

Figure 16. Ultrasound images of Nd-NGQDs and Tm-NGQDs in the vascular phantom (a) and chicken 

breast (b) after injection. Bar plots represent the ultrasound signal per unit area in the red-outlined 

vascular phantom and chicken breast tissue regions, respectively. 
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The lack of ultrasound enhancement from the NGQDs without any dopants suggests 

that even a small metal doping percentage results in substantial scattering. All metal-doped 

NGQDs were tested using a 10ï13 MHz linear probe, making them beneficial for bioimaging 

comparable to commercial microbubbles that tend to rupture at these frequencies [165]. 

Currently, there are no papers known to the authors that discuss the ultrasound contrast 

properties of GQDs. Due to the higher acoustic impedance of graphene [166] as compared to 

biological soft tissue, graphene derivatives such as NGQDs or multiwalled nanotubes are 

expected to exhibit some echogenicity. In our work, metal doping further enhances that effect 

without substantial detriment to GQD biocompatibility. It is likely that the features observed 

in vascular phantom sonograms (Figure 16) are not a result of individual QD scattering but can 

rather be attributed to loose aggregates or groups of NGQDs injected into the channel. To 

estimate the size and stability of Nd-NGQDs and Tm-NGQDs we performed DLS and Zeta 

potential measurements (Table 4). In aqueous suspension, Nd-NGQDs have an average 

hydrodynamic size of 3.736 ± 0.003 nm and a Zeta potential of 1.7 ± 0.7 mV, confirming that 

they may form dynamic aggregates. Tm-NGQDs have an average hydrodynamic size of 19.5 

± 0.1 nm and exhibit Zeta potential of -9.25 ± 1.31 mV, indicating that they are more stable 

than Nd-NGQDs, but still fall within the poor stability region (< 10 mV). It is plausible that 

lanthanide ions can serve as bridges between oxygen functional groups of several GQDs as 

previously observed with graphene oxide [162], leading to the formation of GQD-lanthanide 

complexes and loose aggregates. Since in further in vivo experiments GQDs are dispersed in 

1x PBS, we also performed DLS and Zeta potential measurements for GQDs in this solvent. 

For both GQD types, size has increased and Zeta potential has decreased, indicating lower 

stability and enhanced capacity for loose aggregates formation. This can occur due to the active 
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interaction of lanthanide with phosphates present in PBS, facilitating the formation of GQD-

lanthanide-phosphate complexes [167]. The effect of agglomeration appears to be less 

pronounced in Tm-NGQDs, which might be related to the fact that Tm-NGQDs are 

synthesized from thulium acetate, where residual acetate may act as a chelator, limiting the 

access of phosphates to the rare earth metal atoms. 

Table 4. DLS and Zeta potential measurements of Nd-NGQDs and Tm-NGQDs in water and 1x PBS. 

*Nd-NGQDs form agglomerates that are visible to the naked eye. 

GQD type Method Solvent 

Water 1x PBS 

Nd-NGQDs DLS 3.736±0.003 nm 9989.6±0.0 nm * 

Zeta 1.7±0.7 mV -3.87±2.83 mV * 

Tm-NGQDs DLS 19.5±0.1 nm 175.6±0.4 nm 

489.4±4.0 nm 

Zeta -9.25±1.31 mV -3.25±1.88 mV 
 

This result might suggest that the mechanism of contrast formation is more complex 

than just density-based acoustic scattering, with a potential dependence on metal distribution 

throughout the NGQDs or microscopic air bubble trapping at the dopant/defect sites [168-170]. 

This provides grounds for investigation in future work involving varying doping percentages. 

Following the major hypothesis of this work, metal-doped NGQDs successfully show both 

ultrasound contrast and fluorescence imaging capabilities and, therefore, can be considered 

promising novel candidates for complementary dual-mode ultrasound and fluorescence 

imaging. 

4.5. Summary 

 

In this chapter, the ultrasound contrast imaging modality is verified by acoustic sonography 

experiments in vascular phantoms and biological tissue phantoms similar in density and/or 

structure to soft tissue. Nd-NGQDs and Tm-NGQDs show 10-fold higher ultrasound contrast 
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within the vascular phantom, and chicken breast tissue in the ultrasound brightness mode 

compared to non-doped NGQDs and distilled water. That suggests that metal dopants play an 

essential role in ultrasound contrast generation even though density-based ultrasound 

scattering may not be the only mechanism driving such a response. Overall, lightly metal-

doped NGQDs demonstrate high potential as both ultrasound contrast and near-infrared 

fluorescence imaging agents. Having two imaging modalities complementing each other in 

high penetration depth (ultrasound) and specificity/precision (fluorescence) makes these 

GQDs a powerful theragnostic platform for imaging, sensing, and drug delivery. 
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Chapter 5. NIR fluorescence Properties of GQDs Ex 

Vivo and In Vivo 

Are GQDs suitable as NIR fluorophores in vivo? 

5.1. Overview 

 

In order to enable translation of GQDs into clinic a number of critical parameters 

should be considered in the in vivo studies including their optimal injection route, potential 

acute and chronic toxicity, metabolic pathways, biodistribution, blood pharmacokinetics and 

their clearance time from the organs. Few in vivo studies of related nanocarbons showcase the 

capability of exploring these parameters while concomitantly performing imaging studies in 

the visible and/or NIR-I. For instance, carbon dots labeled with ZW800 and imaged in the NIR-

I demonstrate efficient and rapid excretion from mouse organs with the excretion time dictated 

by the injection route (intravenous (IV) < intramuscular (IM) < subcutaneous (SC)) [49]. 

Carboxylated GQDs demonstrate minimal to no apparent toxicity in rats at 5 mg/kg or 10 

mg/kg dosages for up to 22 days [50]. Their visible fluorescence observed in excised organs 

traces their accumulation in the liver, spleen, and kidneys at 24 h post IV injection with no 

apparent histopathological abnormalities or lesions observed. PEGylated GQDs labeled with 

Cy7 dye exhibit the capacity for NIR-I image-guided biodistribution studies with organ 

accumulation evaluated in the excised tissues [51]. All these studies, however, are 

accomplished in the excised organs as visible and NIR-I fluorophores may not fully enable 

quantitative whole animal imaging. Furthermore, all shown examples use either intrinsic GQD 

fluorescence in the visible or GQDs labeled with a NIR dye that can experience cleavage and 

contribute to the toxicity profile of the formulation [52]. Therefore, there is a pressing need for 
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intrinsic NIR-II probes in the spectral region with lower biological autofluorescence (Figure 

1) eliminating the reliance on external dyes and enhancing the versatility of bioimaging 

applications. In this part of the work, we will conduct animal studies with two most NIR-II 

fluorescence emissive GQDs (RGQDs and Nd-NGQDs) in collaboration with Dr. Wormleyôs 

lab (TCU Biology Department). We will perform toxicity, biodistribution, and 

pharmacokinetics studies on Balb/C mice that are intravenously or intraperitoneally 

administered with GQDs. Analysis of histological samples will be performed in collaboration 

with Kseniia Malkova, a pathology resident at the University of Texas Medical Branch. In vivo 

studies will help validate and expand the results that we got from in vitro imaging. The 

assessment of major in vivo parameters for the novel GQD platforms can facilitate their future 

translation into clinic, exploiting their advantages of deeper tissue photostable NIR-II image-

tracking in a variety of theragnostic applications. Those may include controlled drug release 

with real-time tracking of therapeutic efficacy in pathologies such as glioblastoma, breast 

cancer, and atherosclerosis. 

5.2. Experimental Materials and Methods 

 

Mice handling.  

Male and female BALB/c mice between 6 and 9 weeks old were acquired from Jackson 

Laboratories and housed at the vivarium of Texas Christian University. All animal experiments 

were conducted following NIH guidelines for housing and care of laboratory animals and 

following all relevant protocols and ethical regulations for animal testing and research 

approved by the IACUC (protocol number 2021-3) of Texas Christian University. Mice were 
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caged in groups of four or fewer; all animals were fed a diet of animal chow and water ad 

libitum. 

Administration of graphene quantum dots.  

For toxicity study, female mice (n= 3 mice per group) were intravenously administered via the 

tail vein with a single dose (100 µL) of GQDs in 1X PBS at the following concentrations: 16.5 

mg ml-1 or 85 mg/kg (RGQDs), 132 mg ml-1 or 684 mg/kg (Nd-NGQDs). Twenty-one days 

after the injection, the mice were sacrificed, and their major organs were harvested for routine 

hematoxylin and eosin (H&E) staining. For biodistribution study, mice were administered with 

100 µL of GQDs in 1X PBS via intravenous (IV) or intraperitoneal (IP) injection, imaged and 

further sacrificed at 1, 6, 12, 24 and 48 h post injection. The concentrations of GQDs in the IV 

injection experiments were 16.5 mg ml-1 (85 mg/kg) for RGQDs, 33 mg ml-1 (171 mg/kg) for 

Nd-NGQDs. In the IP injection experiment 66 mg ml-1 (342 mg/kg) concentration of Nd-

NGQDs was used. Control mice were injected with 100 µL of 1x PBS via IV or IP 

administration. Two males and two females were used for each time point. Animals were 

anesthetized in an isoflurane chamber before imaging and shaved with a hair removal cream 

(Nair). The induction of anesthesia was continued during the imaging with a 1 liter per minute 

flow rate and 2-3% isoflurane concentration. Animals were sacrificed by inhalation of carbon 

dioxide followed by cervical dislocation, and the tissues were excised for the fluorescence 

imaging. The organs of interest were sectioned following the standard protocol for paraffin-

embedded tissues. Briefly, the excised organs were fixed in a 4% paraformaldehyde solution 

for over 4 hours before being transferred to a 70% ethanol solution. The samples were then 

sent to the Histology Facility at the University of Texas Health Science Center at San Antonio, 

where they were cut into 5 µm thick sections. These tissue slices were mounted on microscope 
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slides for subsequent NIR fluorescence microscopy analysis. For a pharmacokinetics study, 

the BALB/c mice (n=2-3 mice per group) were intravenously administered with 100 µL of 

RGQDs at 16.5 mg ml-1. The mice were then euthanized at 0.25-, 1-, 3-, and 6-hours post-

injection, followed by blood collection through cardiac puncture. 

Fluorescence Imaging.  

In vivo and ex vivo NIR fluorescence imaging of RGQDs and Nd-NGQDs was performed using 

a preclinical hyperspectral mouse imaging system IR VIVO by Photon. etc. 808 nm excitation 

laser light was distributed over the entire mouse with a power density of 143 mW/cm2. 

Fluorescence emission was filtered via 1000±25 nm and 1050±25 nm bandpass filters specific 

to either RGQD or Nd-NGQD emission, respectively. To distinguish GQD NIR fluorescence 

in mice and their organs from autofluorescence, the intensity range was specifically adjusted 

to zero autofluorescence signal in controls. For consistency, the integration time and laser 

power were kept the same for all control and treated mice within each group. Semi-quantitative 

analysis was performed to assess the fluorescence intensities of GQDs in kidneys, liver, spleen, 

lungs, and heart. This analysis was performed by subtracting mean fluorescence intensity of 

each organ of the PBS-treated mouse (control) from the mean fluorescence intensity of the 

same organ of the GQD-treated mouse (treated), therefore, accounting for autofluorescence 

backgrounds. While not providing absolute GQD amounts in the organ, this method allows for 

direct comparison of relative GQD content among those.  

Statistical Analysis.  

Results were presented as mean ± SD. Statistical significance was determined using Tukey's 

post hoc test following a one-way ANOVA. A P-value of less than 0.05 was considered 

significant.  
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Ethics Statement.  

All animal experiments were conducted following NIH guidelines for housing and care of 

laboratory animals and in accordance with the protocol approved by the Institutional Animal 

Care and Use Committees (IACUC) of Texas Christian University (protocol number 2021-3). 

To avoid disturbing the circadian rhythm of the animals, there was no monitoring after 7:00 

pm. 

5.3. Results 

Toxicity studies in vivo 

Prior to conducting any biodistribution imaging we have to perform toxicity studies with our 

GQDs to identify safe imaging concentrations and their potential toxic implications in mice. 

In order to ensure absolutely no toxic response in future biodistribution studies the toxicity of 

the GQDs is explored at the imaging dose or at more than twice the imaging dose. In this study 

potential in vivo toxic effects of RGQDs and Nd-NGQDs are monitored via the changes in 

murine body weight compared to the PBS (control)-injected mice over a 21-day post-injection 

(p.i.) period (Figure 17). Throughout this period no significant differences in body weight and 

behavior are observed suggesting the biocompatibility of the administered doses. Mild 

irritation at the injection site is noted in the Nd-NGQD-treated group with no irritation is 

observed with lower 171 mg/kg and 342 mg/kg doses. To mitigate this, lower concentrations 

are selected for the further biodistribution study with Nd-NGQDs. 21 days post-injection, NIR 

fluorescence signals are collected from the kidneys, liver, spleen, heart, and lungs of the 

sacrificed animals. Fluorescence emission in these organs does not differ significantly between 

the control and treated groups for all types of GQDs (data not shown), suggesting efficient 

clearance of GQDs within 21 days. H&E-stained tissue slides (liver, spleen, kidneys) of mice 
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administered with two types of GQDs reveal no apparent histopathological abnormalities 

compared to the control group during the monitoring period of 21 days (Figure 18). There is 

no evidence of acute or chronic inflammation, fibrosis or malignancy. The murine liver of 

GQD-treated mice demonstrates multiple portal regions and central veins, with periportal (pp), 

midzonal (mz) and centrilobular (cl) zones corresponding to normal liver architecture. Sections 

of the spleen in both control and treated mice revealed no pathological changes, maintaining 

the normal spleen architecture, including the red pulp (RP), white pulp (WP), central arteriole 

(CA), germinal center (GC), and marginal zones (MZ). Murine kidneys demonstrate normal 

glomeruli containing a network of capillaries supported by mesangial cells, along with intact 

proximal and distal tubules, showing no pathological changes. 

 

Figure 17. Body weights of mice treated with a single dose of GQDs (n = 3 mice/group) evaluated 

for a toxicity study 
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Figure 18. H&E-stained images of organ tissues of mice treated with a single-dose of PBS (control), 

RGQDs and Nd-NGQDs taken at the 21st day of post-injection. Liver: portal region (P), central vein 

(C), periportal (pp), midzonal (mz) and centrilobular (cl) zones are indicated. Spleen: capsule (C), red 

pulp (RP), white pulp (WP), central arteriole (CA), germinal center (GC), marginal zones (MZ) are 

indicated. Kidney: normal glomeruli (arrows) contain a network of capillaries supported by mesangial 

cells, proximal and distal tubules with no pathologic changes. 

 

Whole animal imaging, biodistribution and pharmacokinetics studies 

 

Whole animal imaging in the NIR-II region is performed to showcase the capability of GQD 

tracking in live sedated animals without the need to sacrifice those at every imaging time point. 

Biodistribution studies are conducted in Balb/C mice to evaluate organ accumulation and 

clearance of the GQDs, evaluate their potential as NIR-II fluorophores and find specific organ 

targets for their bioimaging applications. Pharmacokinetics studies are conducted to assess 
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GQD blood circulation times, which can aid in evaluating their metabolic pathways and 

imaging timelines for developing future theragnostic approaches with these fluorophores. 

 

RGQDs 

The primary advantage of using NIR-II fluorescence for diagnostic imaging lies in its ability 

to facilitate in vivo visualization in live sedated animal targets due to high tissue penetration 

depth of light in this spectral range. Thus, prior to organ harvesting, all mice undergo sedation 

followed by NIR-II fluorescence imaging of whole animals (Figure 19). The majority of NIR-

II fluorescence signal at the early time points is predominantly localized within the abdominal 

region, particularly in the bladder and intestines. Additionally, NIR fluorescence is detected 

within the liver and spleen and at the injection site in the tail. Notably, strong fluorescence is 

also observed in murine joints, which is further corroborated by ex vivo imaging (Figure 20).  

A pharmacokinetics study is conducted on Balb/C mice intravenously injected with RGQDs at 

the same dose as used for imaging. Plasma samples are collected at 0.25, 0.5, 1, 3, and 6 hours 

post-injection. The integrated fluorescence intensity is converted into estimated RGQD 

concentrations in plasma using a pre-established calibration curve (Figure 21(a)). The temporal 

variation in RGQD plasma concentration at different time points reveals that RGQDs exhibit 

a prolonged half-life (t /  å 2.8 h) (Figure 21(b)). 
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Figure 19. Representative NIR fluorescence images of mice IV administered with either PBS 

(control) or RGQDs (n = 4 mice/group) and their excised organs, taken at different time points with 

808 nm laser excitation and 1000±25 nm emission filter in Photon Etc. IR Vivo animal imager. 

Yellow dashed circles indicate RGQD fluorescence arising from murine leg bones/joints. 

 
Figure 20. Ex vivo NIR fluorescence images of mouse legs and leg bones. Mice were IV 

administered with a single-dose of either PBS (Control) or RGQDs and sacrificed at different time 

points after treatment. Emission is collected at 1000±25 nm with an 808 nm excitation. 
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Figure 21. (a) Calibration curve representing the correlation between integrated fluorescence 

intensity of RGQD emission in plasma and RGQD concentration. (b) Concentration of RGQDs in 

plasma. Inset: Corresponding fluorescence images of plasma samples. 
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To evaluate the biodistribution of RGQDs, Balb/C mice are injected IV with 85 mg/kg RGQDs 

and with further NIR-II fluorescence imaging at 1, 6, 12, 24, and 48 hours post injection (Figure 

22). Within 48 hours, fluorescence intensity follows the sequence: kidney > liver > lungs Ó 

spleen > heart.  The kidneys exhibit the highest NIR fluorescence as early as 1 hour post-

injection, indicating preferential renal accumulation and clearance of RGQDs (Figure 23). 

Notably, at 1 and 6 hours post-injection, male mice demonstrate lower renal fluorescence 

compared to females, possibly due to the accelerated metabolism and enhanced clearance 

observed in male mice [171]. This may facilitate substantial RGQD clearance before the 1-

hour time point. Between 12 and 48 hours, both male and female mice continue to exhibit 

statistically significant renal fluorescence compared to the control group (p Ò 0.001), further 

supporting sustained RGQD excretion (Figure 23). Whole organ fluorescence images reveal 

widespread NIR emission throughout the liver parenchyma from 1 to 48 hours post-injection, 

with gradual clearance becoming evident after 12 hours. Statistically significant differences in 

hepatic fluorescence between treated and control groups are observed at the highest 

accumulation time points of 6 and 12 hours (Figure 23). RGQD retention in the spleen remains 

evident, with fluorescence intensities consistently being higher than those of the control group 

across all time points, while no statistically significant variation is detected among treated 

groups. This suggests prolonged splenic accumulation of RGQDs. In the heart, NIR 

fluorescence is detectable from 1 to 12 hours post-injection, with statistically significant 

differences at 1 and 6 hours, indicating early cardiac accumulation (Figure 23). The lungs 

exhibit prominent fluorescence across all time points; however, statistical significance is 

observed only at 1 and 24 hours post-injection (Figure 23). By 48 hours, fluorescence intensity 
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in both the heart and lungs declines, suggesting progressive RGQD clearance from the 

circulatory system and these organs. 

 

 

 

 

Figure 22. Control-subtracted mean fluorescence intensities of organs excised from mice at the given 

time points. (n = 4 mice/group) 
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Figure 23. Tukey's paired comparisons of integrated fluorescence intensity collected from mouse 

organs. Mice in this study are IV administered with either PBS (Control) or RGQDs and sacrificed at 

1-48 h time points for organ imaging (n=4 mice/group). Fluorescence images are taken with an 808 

nm laser excitation and a 1000±25 nm emission filter of the IR Vivo Photon Etc. Animal Imager. M - 

male, F - female mice. 
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Nd-NGQDs 

The biodistribution study of Nd-NGQDs in Balb/C mice is first performed with IV 

administration of Nd-NGQDs at a previously determined non-toxic dose of 171 mg/kg.  NIR-

II fluorescence in live sedated mice is localized primarily to the intestinal region and injection 

site (Figure 24) showcasing the capability of Nd-GQD detection within live animals.  The 

fluorescence intensity within major organs assessed in the animal imager ex vivo follows the 

sequence: liver > spleen > kidneys > lungs Ó heart over a 48-hour time period (Figure 24, 

Figure 25). Fluorescence imaging reveals predominant accumulation of Nd-NGQDs in the 

liver, with maximum intensities observed at 24 hours post-injection. The kidneys exhibit some 

NIR fluorescence from 12 to 24 hours post-injection. The spleen demonstrates uptake of Nd-

NGQDs, with statistically significant fluorescence intensity at 24 hours p.i. (Figure 25). 

Minimal to no fluorescence is detected in the heart and lungs, indicating limited retention of 

Nd-NGQDs in these organs following intravenous (IV) injection. Due to the relatively low ex 

vivo and in vivo NIR-II fluorescence of Nd-NGQDs, higher non-toxic concentrations can be 

used to address this limitation. While semi-quantitative evaluations (Figure 25) exhibit strong 

correlation with ex vivo imaging data (Figure 24), the substantial fluorescence variability 

among individual mice results in a lack of statistically significant differences in fluorescence 

intensities between the control and treated groups even in the major in organs such as the liver, 

kidneys, heart, and lungs. 
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Figure 24. Representative NIR fluorescence images of mice IV administered with either PBS 

(control) or Nd-NGQDs (n = 4 mice/group) and their excised organs, taken at different time points 

with 808 nm laser excitation and 1050±25 nm emission filter in Photon Etc. IR Vivo animal imager. 

 

Figure 25. Left: Control-subtracted mean fluorescence intensities of organs excised from mice at the 

given time points. (n = 4 mice/group). Right: Tukey's paired comparisons of integrated fluorescence 

intensity of spleen images. Mice are IV administered with either PBS (Control) or with Nd-NGQDs, 

and treated for different periods of time (n=4 mice/group). Fluorescence images are taken with a 

1050±25 nm emission filter upon 808 nm laser excitation. 
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To further investigate biodistribution and address this issue, the intraperitoneal (IP) 

administration of Nd-NGQDs is tested at a higher 342 mg/kg concentration that is still below 

the limit used in toxicity studies. While IV injection is generally preferred in the clinic, IP 

administration in rodents is a less invasive and ethically justifiable approach for proof-of-

concept evaluations of novel drug formulations [172]. Fluorescence imaging of sedated mice 

reveals brighter NIR-II fluorescence signals arising from liver, spleen and intestinal region as 

well as some from the injection site for up to 48 hours showcasing a higher suitability of Nd-

NGQDs for non-invasive in vivo diagnostics with IP rather than IV administration (Figure 26). 

With IP administration, the fluorescence intensity in major organs follows a similar sequence: 

liver > kidneys Ó spleen > lungs > heart over 48 hours (Figure 26, Figure 27). Ex vivo imaging 

of excised organs reveals consistent and more intense NIR fluorescence emission within each 

experimental group. Compared to the more homogeneous fluorescence distribution observed 

with IV administration (Figure 24), IP injection results in localized bright fluorescence spots 

within and on the surface of the organs (Figure 26). Based on ex vivo organ imaging (Figure 

26) and semi-quantitative fluorescence evaluation (Figure 27), fluorescence emission remains 

detectable in the liver at all time points, confirming Nd-NGQD accumulation within hepatic 

parenchyma. The kidneys exhibit NIR fluorescence with a progressive increase in intensity at 

later time points. The spleen retains Nd-NGQDs across all time points, with a gradual decline 

in fluorescence at 48 hours post-injection, suggesting slow clearance of Nd-NGQDs from 

splenic tissue. The heart exhibits minor NIR fluorescence exclusively at 48 hours, while the 

lungs show continuous fluorescence enhancement at each time point, indicating gradual 

accumulation of Nd-NGQDs by 48 hours post-injection. 
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Figure 26. Representative NIR fluorescence images of mice IP administered with either PBS 

(control) or Nd-NGQDs (n = 4 mice/group) and their excised organs, taken at different time points 

with 808 nm laser excitation and 1050±25 nm emission filter in Photon Etc. IR Vivo animal imager. 
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Figure 27. Control-subtracted fluorescence intensities of organs excised from mice treated with Nd-

NGQDs at the given time points (n = 4 mice/group). 

 

5.4. Discussion 

In this work, single-dose experiments are conducted with Balb/c mice to assess toxicity, 

biodistribution, clearance, pharmacokinetic properties and perform an in vivo evaluation of 

two types of NIR-II emissive GQDs: RGQDs, and Nd-NGQDs. The consistent murine body 

weights between the treated and control groups throughout 21 days of toxicity studies as well 

as the absence of histopathological changes in treated animal tissues confirm the in vivo 

biocompatibility of GQDs at 85 mg/kg (RGQDs), and 684 mg/kg (Nd-NGQDs). The 

concentrations used in this study are relatively high compared to the doses used in other studies 

with GQDs, which typically range from 5 to 20 mg/kg [173, 174], or with other nanomaterials. 
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This reflects both the purity of our products as well as remarkable biocompatibility of the 

GQDs in general preceding that of various nanoformulations that were developed to date. This 

advantage facilitates the utilization of the GQDs in a variety of biomedical applications 

including non-invasive NIR-II imaging explored in this work. Here we aim to confirm their 

image-tracking capabilities in animal models and compartmentalize their internalization in 

organs while also studying metabolic pathways. Whole animal imaging performed in live 

sedated mice shows accumulation of two types of GQDs mostly in the adnominal area, with 

highest intensities arising from RGQDs making those a promising candidate for in vivo 

imaging in clinic. Among two live animal imaging experimental arms, RGQDs exhibit the 

most profound NIR fluorescence emission in liver and splenic areas, Nd-NGQDs show less 

intense fluorescence emission arising from the liver, and left kidney/spleen areas (Figure 2, 3). 

Optimizing such live animal imaging can facilitate real-time monitoring to support diagnostic 

and image-guided therapy for a variety of disease targets including splenomegaly, liver fibrosis 

and metastases, kidney injury and renal carcinoma. Additionally, the capability of the NIR-II 

fluorescing GQDs for non-invasive image tracking in live animals can eliminate the need of 

sacrifice mice at each imaging time point by quantifying the fluorescence originating from 

imaging targets detected through the animal body. 

Ex vivo biodistribution study is performed by imaging the organs isolated from mice 

after IV or IP injection of each GQD type at 1, 6, 12, 24, and 48 hours. Compared to RGQDs, 

Nd-NGQDs do not exhibit consistent NIR-II fluorescence from mouse-to-mouse when injected 

intravenously likely due to their low quantum yields and low concentrations used. After 

injection into the tail vein, GQDs start circulating in the blood and travel to the right atrium 

and right ventricle, from where they enter the pulmonary artery and get distributed throughout 
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the lungs. This route results in the early accumulation of GQDs both, in the heart and the lungs. 

The heart does not retain GQDs for prolonged time, while some retention of all three GQD 

types is observed in the lungs at different time points with noticeable clearance by 48 h point. 

Previous studies on graphene oxide-derived GQDs report even earlier clearance from the lungs 

by 24 h post injection [175]. After passing through the lungs, GQDs can reach the left atrium 

and left ventricle and then enter systemic circulation. Bright NIR fluorescence is observed in 

kidneys after RGQD administration as early as 1 hour post injection, suggesting their active 

retention in kidneys and further excretion from the body via renal clearance. This correlates 

with work by Chong et al., with PEGylated GQDs mainly accumulating in the kidneys at the 

first hour post injection due to their water solubility and small size, allowing them to pass 

through the glomerular capillaries [176]. Nd-NGQDs do not experience substantial kidney 

accumulation, however, this can be explained by a greater average size of Nd-NGQDs. In the 

first-pass metabolism, GQDs can accumulate in liver and undergo hepatic clearance from the 

body. With its extensive network of blood vessels and sinusoids, the liver is expected to retain 

the GQDs within hepatocytes and sinusoids.  In contrast to their fast clearance through the 

kidneys, maximum accumulation of RGQDs and Nd-NGQDs in the liver is observed at later 

time points within 6-24 hours.  This could potentially arise from the internalization of GQDs 

by hepatocytes through endocytosis. As we demonstrated in Chapter 3, maximum 

internalization of RGQDs and Nd-NGQDs in non-cancerous cell line occur at 6 h and 12 h 

post treatment, respectively, that falls within the timeline of GQD liver accumulation. GQDs 

can also accumulate in hepatocytes due to the Kupffer cell-mediated transport from sinusoids.  

GQDs can be consistently captured by Kupffer cells [177], however, anionic [178] RGQDs are 

not expected to show strong interaction with those. NIR fluorescence emission of GQDs in 
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spleen is relatively high across both GQD types likely due to their sequestration by the 

macrophages residing eventually in the splenic marginal zone and the red pulp. RGQDs exhibit 

consistent accumulation in spleen organ at all time points while Nd-NGQDs demonstrate 

statistically significant signal at 24 h. The possibility of GQDs to be uptaken by macrophages 

is confirmed by a recent work exploring the deliberate loading of macrophages with GQDs for 

use as biomimetic drug delivery system for targeted therapy [179]. GQD metabolic pathways 

as well as their accumulation in murine organs are influenced significantly via their 

pharmacokinetics that is studied in the present work for most fluorescing RGQDs IV-

administered at imaging doses. The temporal analysis of RGQD concentration in plasma 

indicates a prolonged half-life (t /  å 2.8 h), superior to that of other carbon-based 

nanomaterials including nitrogen- and boron-doped GQDs (t /  å 1.5 h) [180] and PEG2000-

modified SWCNTs (t /  å 0.5 h) [44]. This extended circulation can enhance the carrierôs 

ability to reach the target site, thereby prolonging the therapeutic effects of the delivered drug. 

Longer circulation times are also desired for enhanced tumor accumulation of therapeutic 

carriers. This positions RGQDs developed in the present work as advantageous theragnostic 

candidates for such complex conditions as cancer of kidneys, liver, lungs, or for vaccinations, 

allowing longer interaction with immune cells in the spleen.  

Besides the retention in major murine organs, IV-administered RGQDs are also 

observed in bones, which is supported by some previous evidence of the GQD bone marrow 

accumulation [174]. The bone marrow is hard to access and it requires high drug doses due to 

the rapid metabolism and clearance of the drug carriers [181]. Our study suggests that GQDs, 

that have already demonstrated their effectiveness in therapeutic delivery and tracking [4, 115], 

could be utilized to address these limitations via enhancing drug transport to the bone marrow 
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with concomitant imaging of the delivery location. Such a capability is highly relevant for a 

number of disease targets including, multiple myeloma and aplastic anemia. 

In order to better describe the biodistribution of Nd-NGQDs while circumventing the 

issues of lower signals and mouse-to-mouse variation in GQD fluorescence, an IP 

administration of this material is attempted at a higher yet biocompatible concentration (342 

mg/kg). Several works indicate that GQDs exhibit minimal/no difference in biodistribution 

with IP and IV injection routes [176, 182] suggesting an IP administration as a viable 

alternative. Similarly to IV injection, IP administered Nd-NGQDs mice demonstrate NIR 

fluorescence in major internal organs, but in the following order: liver > kidneys > spleen > 

lungs Ó heart. IP administered mice demonstrate more consistent NIR fluorescence emission 

from mouse-to-mouse, that can be related to the higher dosage of Nd-NGQDs used. Compared 

to IV injection, IP administered GQDs may undergo a dual-pathway distribution through both 

vascular and lymphatic systems. The latter pathway can result in the early time point GQD 

accumulation in spleen demonstrated by substantial NIR-II fluorescence arising from spleen 

as early as 1 h post injection (Figure 26). Both vascular and lymphatic distribution routes also 

lead to the accumulation of Nd-NGQDs in the liver tissue, reflected by the brightest NIR-II 

fluorescence arising from the liver at nearly all time points. Upon IP injection, the vascular 

absorption pathway can result in delayed entrance of Nd-NGQDs into the bloodstream 

compared to IV administration. However, the Nd-NGQD fluorescence in the heart, lungs, and 

kidneys is observed as early as 1 hour post injection, confirming GQDs entrance to the 

bloodstream at this time point and highlighting the similarity in biodistribution between IP and 

IV-injected GQDs. Interestingly, with the IP injection of Nd-NGQDs, murine organs 

demonstrate concentrated bright NIR-II emission spots within liver, spleen and kidneys, 
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compared to the homogeneous fluorescence observed in organs upon IV injection. This can be 

explained by the formation of loose Nd-NGQD aggregates at high GQD concentrations with 

lanthanide ions serving as a bridge between oxygen functional groups of several GQDs as is 

previously observed with graphene oxide [183].  

Based on the biodistribution study and in vivo experiments, we infer that RGQDs 

experience most clearance through the renal pathway, while Nd-NGQDs prefer hepatobiliary 

and splenic pathways. Previous in vivo biodistribution studies of GQDs with diameters less 

than 10 nm suggest the kidneys as the main clearance organ [175, 184]. The charge of quantum 

dots and surface functionalization play an important role in the adsorption of proteins affecting 

the hydrodynamic size of GQDs [185]. RGQDs demonstrate a substantially high Zeta potential 

for a nanomaterial, with value of ī49.4 Ñ 0.4 mV [142], that can lead to the minimum 

absorption of negatively-charged proteins and a smaller protein corona formation. In addition 

to potential loose agglomeration through the lanthanide ions, Nd-NGQDs exhibit a positive 

Zeta potential of 1.7 ± 0.7 mV (Table 4) that can lead to larger protein corona sizes preventing 

those from extensive renal filtration. Further studies on protein corona formation are necessary 

to examine this hypothesis. Given the observed accumulation and clearance timelines we can 

suggest RGQDs as more effective imaging/delivery agents for kidney conditions with 

additional capabilities of image-tracking in liver, spleen, heart and even brain and joints, 

posing them as unique candidates for hard to access delivery imaging targets including brain 

and bone marrow. Nd-NGQDs, due to their apparent spot agglomeration with IP 

administration, as discussed in Chapter 4, may have potential for dual-mode NIR fluorescence 

and ultrasound imaging, particularly for targeted small tumor detection and therapeutic 

delivery. In addition, although the clearance of GQDs from the body has been evaluated up to 



 

75 
 

48 hours post-administration, further investigation at extended time points would be valuable 

to comprehensively understand the long-term biodistribution, excretion pathways, and 

potential accumulation of GQDs in various organs. Such studies are crucial for assessing the 

long-term safety and biocompatibility of GQDs for clinical or biomedical applications.          

Finally, using multiple GQD types with spectrally-separated signatures allows for multiplex 

imaging that can enable simultaneous delivery and tracking of several combination therapies. 

This technique offers unparalleled advantage for the diagnostics and treatment of such complex 

condition as cancer, offering, for instance, a capability of simultaneous drug/gene treatment 

and their delivery tracking. This unique advantage is enabled via simultaneous IV injection of 

RGQDs and Nd-NGQDs that are imaged with two different channels (1000±25 nm and 

1050±25 nm) of an NIR animal imager in live sedated mice upon 808 nm excitation (Figure 

28). This proof-of-concept imaging study showcases the unique advantage of developing 

several NIR-II -emissive GQDs for enabling complex theragnostic applications. 

  

Figure 28. False-colour fluorescence images of Balb/C mice taken at 24 h post injection with 808 nm 

laser excitation and 1000±25 nm (RGQDs (red)) and 1050±25 nm (Nd-NGQDs (green)) emission filter 

in Photon Etc. IR Vivo animal imager. 
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5.5. Summary 

In this study, two types of NIR-II fluorescent GQDs (RGQDs and Nd-NGQDs) are assessed 

for potential bioimaging applications by evaluating their toxicity, biodistribution and 

pharmacokinetics in Balb/C mice. Their fluorescence in the NIR-II region allows detecting 

GQDs through the organs and the bodies of live sedated mice with little attenuation or 

background autofluorescence. In the toxicity study, none of the GQDs demonstrate acute toxic 

response in mice at above the imaging doses (85 mg/kg (RGQDs), 684 mg/kg (Nd-NGQDs)) 

within 21 days post injection as evidenced via monitoring animal behaviors, weights and organ 

tissue pathology.  

The biodistribution studies show that both GQD species exhibit retention in the liver, 

kidneys, spleen, lungs, and heart at different time points within 48 hours post injection, 

regardless of the injection route. Semiquantitative assessment of GQD accumulation in organ 

tissues is performed using an in-house image analysis software identifying organ boundaries 

and calculating GQD fluorescence intensity per unit organ area. RGQDs possessing the 

brightest emission demonstrate high kidney accumulation making them suitable for 

theragnostics of such conditions as kidney injury caused by long-term diabetes, systemic 

infection or chemotherapy agents and renal carcinoma. Their remarkable localization in leg 

bones, makes RGQDs unique candidates for therapeutic delivery and tracking in bone marrow 

uncommon for a majority of nanocarriers. Their prolonged, compared to most carbon 

nanomaterials, blood circulation times (t1/2 = 2.8 h) study can allow for enhanced therapeutic 

accumulation in cancer tumors and other disease sites.  Ex vivo organ analysis help identify 

GQD metabolic pathways suggesting that RGQDs undergo primarily renal clearance, while 

Nd-NGQDs experience most excretion through the hepatobiliary and splenic systems. This 
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poses the latter GQD species as potential imaging/therapeutic delivery agents for liver and 

spleen targets. While RGQDs show sufficient in vivo and ex vivo imaging intensities with the 

IV injection, Nd-NGQDs require IP administration and higher doses to yield consistent signals 

within all tested mice. Compared to RGQDs, Nd-NGQDs can form small agglomerates upon 

IP administration suggesting their potential in dual-mode NIR fluorescence/ultrasound 

imaging and detection of localized targets including small tumors.  

Both GQD types enable in vivo imaging in live sedated mice with the highest intensities 

residing in the abdominal area at the first hour post injection. RGQDs yielding the highest 

signal to noise ratios can be localized to animal liver and spleen areas with some potential 

signal from the kidneys. Their NIR-II fluorescence detected within the animal bodies enables 

image-tracing without the need to sacrifice mice at each imaging time point and, thus, saving 

animal lives. The development of different GQD species with spectrally-separated emission 

signatures allows for multiplex imaging in the NIR-II successfully shown with RGQDs and 

Nd-GQDs in this work. This innovation paves the way to using different GQD species for the 

delivery and simultaneous tracking of multiple combination therapies for complex diseases 

such as cancer. Overall, RGQDs, Nd-NGQDs are shown in this work to be promising 

biocompatible candidates for deeper tissue NIR-II diagnostic imaging in the liver, kidneys, 

spleen, lungs and heart as well as bone marrow (RGQDs). 
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Chapter 6. NIR fluorescence/Ultrasound Properties of 

GQDs Ex Vivo and In Vivo  

Can GQDs serve as dual-mode ultrasound and fluorescence 

contrast agents in vivo? 
6.1 Overview 

Carbon dots and graphene quantum dots (GQDs) exhibiting NIR fluorescence already 

attract substantial attention in biomedical research as they present minimal toxicity in vitro and 

in vivo due to their small size, water solubility, and rapid excretion, as discussed in chapter 5 

[2]. GQDs, in particular, present a versatile platform that is successfully used for multiple 

imaging, sensing, and delivery applications. They deliver several drug and gene payloads 

including molecular therapeutics, plasmids, nucleic acids [4, 186] and, when functionalized 

with hyaluronic acid, can target cancer cells potentially enabling small tumor detection [187]. 

This application is particularly relevant for dual-mode ultrasound/fluorescence contrast agents 

due to the apparent limitation of the non-contrast ultrasound in small tumor identification. 

While dual-contrast capabilities are not observed with GQDs on their own, doping those with 

rare earth metals facilitates ultrasound signal enhancement in vascular and animal tissue 

phantoms as demonstrated in chapter 4. Rare earth metal dopants such as Tm and Nd also 

enable multichannel NIR imaging with 808 nm excitation as shown in chapter 3. In this last 

part of the work, we advance the exploration of ultrasound and NIR fluorescence imaging 

capabilities of these materials to in vivo and ex vivo studies on Balb/C mice. In addition to 

providing proof of concept, this work evaluates retention/clearance times, as well as the 

optimal times of dual-mode imaging with GQD contrast agents in different organs. The 

development of such dual-mode contrast agents can enhance the overall performance of 
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disease diagnostics, eliminating the need to use complicated and, in some instances, toxic 

nanobubble/dye systems. Clinically such dual-mode imaging techniques can provide a critical 

advantage in the detection of small cancer tumors [17], inflammation sites [18], and sentinel 

lymph node biopsies [19]. 

6.2 Experimental Materials and Methods 

Mice handling.  

Male and female BALB/c mice between 6 and 9 weeks old were acquired from Jackson 

Laboratories and housed at the vivarium of Texas Christian University. All animal experiments 

were conducted following NIH guidelines for housing and care of laboratory animals and 

following all relevant protocols and ethical regulations for animal testing and research 

approved by the Texas Christian University Institutional Animal Care and Use Committees 

(IACUC protocol number 2021-3) of Texas Christian University. Mice were caged in groups 

of four or fewer; all animals were fed a diet of animal chow and water ad libitum. 

Administration of graphene quantum dots.  

Mice were administered 100 µl of GQDs in 1X phosphate-buffered saline (PBS) solution via 

intravenous (IV) or intraperitoneal (IP) injection, imaged and further sacrificed at 1, 6, 12, 24 

and 48 h post injection. The concentrations of GQDs in the IV injection were 342 mg/kg for 

Tm-NGQDs and 171 mg/kg for Nd-NGQDs. In the IP injection 342 mg/kg concentration of 

Nd-NGQDs was used. Control mice were injected with 100 µl of 1x PBS via IV or IP 

administration. Two males and two females were used for each time point. Animals were 

anesthetized in an isoflurane chamber before imaging and hair removed using a hair removal 

cream (Nair). The induction of anesthesia was continued during the imaging with a 1 liter per 
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minute flow rate and 2-3% isoflurane concentration. Animals were sacrificed by inhalation of 

carbon dioxide followed by cervical dislocation, and tissues were excised for the fluorescence 

imaging. 

Fluorescence Imaging.  

In vivo and ex vivo NIR fluorescence imaging of Tm-NGQDs and Nd-NGQDs was performed 

using a preclinical hyperspectral mouse imaging system IR VIVO by Photon. etc. 808 nm 

excitation laser light was distributed over the entire mouse with a power density of 143 

mW/cm2. Emission light was filtered through 1000 nm and 1050 nm bandpass filters specific 

to Tm-NGQD and Nd-NGQD emission, respectively. 

Ultrasound Imaging. 

In vivo ultrasound imaging was performed with the GE Logiq e ultrasound system. The 

instrument was used in the B-mode, with a depth of 5 cm, with a mechanical index of 0.4ï1.1, 

and with a gain of 60ï64. The transducer was coated with Aquasonic 100 ultrasound 

transmission gel. Animal images were taken by using a 6-11 MHz linear probe and obtained 

in a transverse plane. 

Ethics Statement.  

All animal experiments were conducted following NIH guidelines for housing and care of 

laboratory animals and in accordance with the protocol approved by the Texas Christian 

University (IACUC protocol number 2021-3). To avoid disturbing the circadian rhythm of the 

animals, there was no monitoring after 7:00 pm. 

6.3 Results and Discussion 

Building on the demonstrated fluorescence and ultrasound imaging capabilities of Nd-NGQDs 

and Tm-NGQDs in vascular and tissue phantoms, further animal experiments are conducted 
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using BALB/c mice to explore the in vivo applicability of these contrast agents. In this animal 

study, Tm-NGQDs or Nd-NGQDs in PBS are initially administered via the IV route, the 

clinically preferred method of contrast agent administration due to rapid distribution and 

precise dosing control. Ultrasound and fluorescence imaging are conducted at 1, 6, 12, 24, and 

48 hours concomitantly assessing the biodistribution of Tm-NGQDs and Nd-NGQDs. While 

control ultrasound images of mouse kidneys, liver, and spleen demonstrate normal 

echogenicity and homogenous echotexture, mice injected with GQDs show ultrasound 

enhancement manifesting in an increased echogenic texture of their organ tissues. To 

distinguish GQD NIR fluorescence in mice and their organs from autofluorescence, the 

intensity range is specifically set to eliminate autofluorescence signal. For consistency, the 

integration time and laser power are kept the same for all control and treated mice within each 

group. 

Tm-NGQDs (IV)  

Upon intravenous (IV) injection, the Tm-NGQDs are introduced into the bloodstream, 

where they are distributed throughout the body. Control mice treated with PBS demonstrate 

standard echogenicity across the kidney, liver (female), and spleen tissues (Figure 29), serving 

as a reference for assessing echogenicity changes due to Tm-NGQD distribution and retention. 

There is only a slight diffusely increased echogenicity observed in the control maleôs liver with 

otherwise no substantial signal throughout the organs. Interestingly, the fluorescence image 

also shows increased autofluorescence in the control maleôs liver compared to the female one 

(Figure 30). This can happen possibly due to a fatty liver disease [188, 189] although it is not 

expected to be observed in young mice. 
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Figure 29. In vivo ultrasound images of BALB/c mouse organs IV administered with either 

PBS (Control) or with Tm-NGQDs at different time points (n=4 mice/group). The dashed 

circles indicate an organ, arrows point to the region with an increased echogenicity. LT ï left 

kidney, RT ï right kidney. Image depth is 2 cm. 
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Figure 30. NIR autofluorescence and ultrasound images of male and female mice liver used as controls 

for mice group treated with Tm-NGQDs. 

During the first pass metabolism, a significant accumulation of the Tm-NGQDs is 

expected in the liver. Ultrasound images (Figure 31) show diffuse (1h) and patchy (6-24h) 

increase in parenchymal echogenicity of the liver, indicating early and widespread 

accumulation of Tm-NGQDs within the liver tissue. Further at 48 hours uniformly increased 

echogenicity across the liver parenchyma is observed, resulting in a more homogeneous 

echogenic pattern. Fluorescence images of mouse livers (Figure 31) show substantial emission 

arising from Tm-NGQDs at 6,12, and 48 h time points. Since control male mice demonstrated 

abnormally increased autofluorescence, female control is further used for comparison of NIR 

and ultrasound signal. NIR fluorescence emission in liver (Figure 32) at all time points follows 

ultrasound images, while decreasing noticeably after 24 hours. These results demonstrate 

continued retention in liver with potential redistribution of Tm-NGQDs within 48 h and 

clearance starting at 24 h. NIR fluorescence images show maximum accumulation of Tm-

NGQDs in liver within 6-12 hours, though not all mice in a group (n=4 mice/group) 

demonstrate consistent enhanced echogenicity at 1 h and 6 h time points. This suggests 12 

hours as an optimal time for dual-mode ultrasound and NIR fluorescence imaging of mouse 

liver with Tm-NGQDs. 
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Figure 31. In vivo and ex vivo NIR fluorescence images of Balb/C mice IV administered with either 

PBS (Control) or with Tm-NGQDs in PBS at different time points (n=4 mice/group). Emission is 

collected at 1000 nm with an 808 nm excitation. 
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Figure 32. NIR fluorescence images of the same liver on Figure 31 but at different intensity range, 

where female mouse liver is used as a control. 

Tm-NGQDs are also expected to gradually accumulate in the spleen due to its extensive 

blood supply and filtering function. During the first to twenty forth hour post injection, a slight 

increase in parenchymal echogenicity is noted, suggestive of initial uptake and continued 

retention of Tm-NGQDs in splenic tissue (Figure 29). While this result is not observed in all 

mice, fluorescence images demonstrate NIR fluorescence emission in spleen of most of the 

mice whose echogenicity is increased. At 48 h the echogenicity of spleen returns to the 

baseline, corresponding to the clearance of Tm-NGQDs from splenic tissue, in contrast to the 

late clearance times observed in the liver. Although dual-mode ultrasound and NIR 

fluorescence imaging is not consistent across all animals, a correlation between NIR 

fluorescence and enhanced echogenicity confirms splenic uptake of Tm-NGQDs. 

The kidneys, as the primary excretory organs, are expected to actively filter and 

temporarily accumulate few nanometer-sized Tm-NGQDs within the renal tubules and 

glomeruli [190, 191]. During the first hour of post-injection, a mild increase in renal 

parenchymal echogenicity is observed in one of the mice, indicating initial uptake of Tm-

NGQDs. At the next time points echogenicity returns to normal levels. Mild NIR fluorescence 

(Figure 31) is observed in kidneys within 6 and 12 h time points. While there is no substantial 

correlation between ultrasound and NIR fluorescence images, both results suggest effective 

clearance of Tm-NGQDs from the renal tissue at the early time points, with no evidence of 

prolonged retention over the observation period. NIR fluorescence images of sedated mice 
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(Figure 31) also demonstrate Tm-NGQD emission signal in the bladder at 1 h and intestine 

within 48 hours, confirming early renal and prolonged hepatobiliary clearance. Overall, Tm-

NGQDs exhibit dual-mode ultrasound and NIR fluorescence contrast agent properties most 

vividly in the liver, suggesting its potential application in early diagnostics of liver conditions 

such as MASH (Metabolic dysfunction-associated steatohepatitis) and cirrhosis. 

Nd-NGQDs (IV)  

Given the structural similarities between Tm-NGQDs and Nd-NGQDs, Nd-NGQDs 

are also expected to experience retention in the liver during the first-pass metabolism. At the 

first hour heterogeneous areas of increased echogenicity are observed (Figure 33), reflecting 

widespread early accumulation of Nd-NGQDs within the liver. At 6 hours, echogenicity 

returns to baseline in some cases, while others retain areas of mild increased echogenicity, 

indicating partial clearance. At 12-24 hours persistent increased echogenicity is evident, 

suggesting ongoing retention in liver parenchyma. At 48 hours heterogeneous parenchymal 

echotexture is present, with uneven areas of increased echogenicity, suggesting potential 

redistribution of Nd-NGQDs within the liver. As shown in chapter 5, at 1 and 12 hours three 

out of four mice demonstrate NIR fluorescence emission in the liver arising from the Nd-

NGQDs indicating prolonged 12 h retention (Figure 24, Figure 25). Furthermore, all four mice 

exhibit NIR emission in the liver at 24-hour time point, which correlates with increased liver 

echogenicity in the ultrasound images. By 48 hours, a decrease in NIR fluorescence intensity 

suggests gradual Nd-NGQDs clearance. The strong correlation between ultrasound and NIR 

fluorescence at 24 hours indicates this as the optimal time for dual-mode imaging of the liver 

with IV-injected Nd-NGQDs. Unlike Tm-NGQDs, Nd-NGQDs do not undergo active uptake 

by the spleen during the first hour p.i.: only one mouse has focal increased echogenicity in the 
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spleen, while none exhibit NIR fluorescence (Figure 33). At 6 hours, three out of four mice 

demonstrate both diffuse increased echogenicity and mild NIR fluorescence emission in the 

spleen, suggesting maximum accumulation and potential for dual-mode imaging at this time 

point. 12 to 48 hour time points show mildly increased echogenicity in the spleen of some mice 

that is localized in smaller regions. Few mice demonstrate NIR fluorescence during this time 

interval, suggesting overall ongoing clearance and reduced retention of Nd-NGQDs in the 

spleen. 

During the first hour post injection, no significant changes are observed in the 

echogenicity of renal parenchymal. At 6 hours, increased echogenicity is observed in several 

mice, suggesting early accumulation of Nd-NGQDs in renal tissue (Figure 33). At 12 hours, 

hyperechoic areas are noted, indicating a more prominent retention of Nd-NGQDs within the 

kidney parenchyma. At the 24 h time point only localized hyperechoic areas are observed, 

corresponding to a gradual clearance with residual focal retention. NIR fluorescence images 

of three out of four mice do not show fluorescence emission in the kidneys at 1 and 6 hours 

(Figure 24, Figure 25), suggesting either delayed clearance through the kidneys (possibly due 

to larger Nd-NGQD sizes) or clearance occurring between the imaging time points. At the 12 

h time point, however, three out of four mice demonstrate increased NIR fluorescence that 

correlates with ultrasound imaging results, suggesting 12 hours as the optimal time for dual-

mode imaging. Near-baseline echogenicity and NIR fluorescence at 48 hours indicate effective 

clearance, confirming the kidneysô role in processing and eliminating Nd-NGQDs over time. 

Similarly to Tm-NGQDs, NIR fluorescence images of sedated mice (Figure 24) demonstrate 

fluorescence emission in the intestine area within 6 to 24 hours, confirming prolonged 

hepatobiliary clearance. Due to the IV administration, some mice carry Nd-NGQD depot in 
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the tail, visible in Figure 24. This can contribute to slow GQD release over time and some 

inconsistencies in mouse-to-mouse results. Overall, Nd-NGQDs demonstrate dual-mode 

ultrasound and NIR fluorescence contrast agent properties in mice with optimal time points for 

imaging in the spleen at 6 h, kidneys at 12 h, and liver at 24 h, thus presenting a more promising 

imaging potential than Tm-NGQDs. 
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Figure 33. In vivo ultrasound images of Balb/C mouse organs IV administered with either PBS 

(Control) or with Nd-NGQDs at different time points (n=4 mice/group). The dashed circles indicate 

an organ, arrows point to the region with an increased echogenicity. LT ï left kidney, RT ï right 

kidney. Image depth is 1.5 cm. 
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Nd-NGQDs (IP) 

 

While IV is considered a preferable administration route in the study of contrast agents, 

intraperitoneal (IP) administration of drugs in rodents is a less harmful and more justifiable 

route for proof-of-concept studies of a drug formulation [172]. Nd-NGQDs demonstrating 

better NIR/ultrasound correlation upon IV administration are further studied under IP 

administration. In this study, BALB/c mice are injected IP with 100 µl of Nd-NGQDs at 342 

mg/kg yielding no apparent acute toxicity in a parallel toxicity study for at least 21 days as 

shown in chapter 5 (Figure 18).  

To assess the biodistribution of Nd-NGQDs ultrasound and fluorescence imaging are 

conducted at 1, 6, 12, 27, and 48 hours. At the 1 h time point the liver demonstrates an increase 

in echogenicity with a mildly coarse echotexture, indicative of early Nd-NGQD accumulation 

(Figure 34). By 6 and 12 hours, the liver exhibits a diffusely coarse echotexture with increased 

echogenicity, persisting through 27 hours. At 48 hours, the liver continues to display increased 

echogenicity, suggesting long Nd-NGQD retention and identifying the liver as a primary site 

of deposition. NIR fluorescence images of mouse liver also reveal signals from the Nd-NGQDs 

at all time points (Figure 26, Figure 27). At 1 h there is a small area with NIR fluorescence 

emission similar to observation in ultrasound images. At 6-to-48-hour time points the livers 

show areas with bright NIR fluorescence inclusions that fully correlate with ultrasound images. 
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Figure 34. In vivo ultrasound images of BALB/c female mice IP administered with either PBS 

(Control) or with Nd-NGQDs at different time points (n=4 mice/group). The dashed circles indicate 

an organ, arrows point to the region with an increased echogenicity. LT ï left kidney, RT ï right 

kidney. Image depth is 1.5 cm. 

 




















































