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Chapter 1- Motivation 

Significance/Merit 

Cancer remains a serious threat, considering that nearly 40% of men and women will be 

diagnosed in their lifetimes1. While existing therapies such as radiation, chemotherapy, and 

surgery can be successful2, they often affect both healthy and cancer cells, which is detrimental 

to a patients’ health. Current cancer therapies are not deterministic and offer little to no 

information about the treatment pathways. Thus, more effective therapies that can improve 

cancer survival rates, detect cancer, and explain treatment pathways are desired. Nanomaterials 

are on the forefront of being utilized for biomedical applications, including their use in 

treatment and detection of cancer3, central nervous system (CNS) diseases4, sickle cell5, and 

autoimmune disorders6.  Treatment of CNS diseases such as Parkinson disease and Alzheimer 

disease has also been improved via the use of nanoparticles4. Nanomaterials provide a platform 

that can be altered to address specific needs of the disease itself. Nanoparticles, for example, 

can be integrated into a system to either suppress or stimulate desired traits6, such as antitumor 

effects or treatment of inflammatory disorders. They can also help trace the treatment inside 

cancer cells in the visible and near-infrared (NIR) in vitro and in vivo7 and be used for targeted 

delivery8. 

The power of nanotechnology-based systems lies in their multi-functionality, offering both 

drug delivery and detection capabilities.  The potential to perform multiple functions using one 

agent is the attractive force driving the integration of molecular therapeutics with 

nanomaterials-based drug or gene delivery vehicle systems. Although such nanoformulations 

significantly improve the capabilities of conventional therapeutics, there is still a challenge to 

expand the options for image and sensing guided therapy and improve targeting to multiple 

cancer types. Currently, no platform can carry out imaging, sensing, and delivery concurrently. 
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These gaps in functionality limit the capabilities of novel molecular therapeutics and restrict 

their utilization in cancer treatment. Nanomaterials possessing a number of exceptional 

properties are expected to fill this gap. One of such novel materials is graphene and its 

derivatives such as graphene oxide or graphene quantum dots.  

Graphene oxide possesses unique properties that make it attractive for biomedical 

applications. It is water soluble, provides a large platform with a variety of addends for 

convenient functionalization-based drug attachment, and exhibits fluorescence in visible/near-

infrared9. Nanoscale graphene oxide has already been adopted for the delivery of anticancer 

drugs into biological cells9-12 aptamers for ATP probing in mouse epithelial cells, and 

protection and delivery of DNA for therapy 13-15. For such applications, however, GO was 

modified and has only been utilized as a delivery agent or rarely as a fluorescent marker 11, 16 

requiring either incorporation of external fluorophores17, 18 and/or complementary covalent 

functionalization19 with PEG for successful delivery. Additionally, many GO forms used in 

bio-applications fluoresce in the visible13, 20, which can be optimal for in vitro work but not for 

in vivo studies where near-IR emission in the water window is desired for deep 

autofluorescence-free tissue penetration. These complexities hamper the use of GO in 

biomedical applications.  

Graphene quantum dots also have a variety of attributes that can be beneficial for 

biomedical applications. GQDs have desirable optical properties such as high quantum yield21, 

stability against photobleaching22, and some exhibit emission in the near-IR23. The current 

dilemma, however, is optimizing each of these desirable properties concurrently, such that 

quantum dots can be effectively imaged in vitro and in vivo24. The present study fills this gap 

by exploring the properties of novel GQDs developed in our laboratory as standalone 

multifunctional agents for imaging in red/near-IR, cellular internalization, and biosensing.  
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Cancer drug and gene therapeutics are currently lacking a multi-modal agent that can 

image, sense, and deliver therapies simultaneously. The significant contribution of this 

project is the development of several novel nanomaterials-based multifunctional formulations 

utilizing remarkable properties of GQDs to perform all the essential therapeutic functions: 

targeted delivery, imaging, and cancer sensing. Quantum dots can be made using fully 

biocompatible materials, while still maintaining desired properties such as considerably high 

quantum yield and stability across a large pH range25. They can be applied to a variety of 

biological applications, including disease detection, protein tracking, and intracellular 

reporting25, 26. In this project, I intend to use nitrogen-based graphene quantum dots (NQDs), 

sulfur-based graphene quantum dots, (SQDs) and boron-nitrate-based graphene quantum dots 

(BNQDs), as multifunctional imaging, sensing and delivery agents. The capabilities of the 

aforementioned nanomaterials will be assessed via cytotoxicity assays, imaging, cell analysis, 

and animal studies. I also intend to explore variations of these nanomaterials, including but not 

limited to quantum dots doped with rare earth metals due to their fluorescence in the near- IR 

range that can penetrate through layers of biological tissue.  

Impact 

Currently, there are no multimodal agents that can be used as a delivery, imaging, and sensing 

moieties for applications in cancer therapeutics. There is an active development of 

nanoformulations possessing multifunctional properties approaching that ultimate goal and 

intended for drug transport and imaging27-29 with, however, only a few having concomitant 

sensing capacity30, 31. I hypothesize that the properties of graphene quantum dots can be 

optimized and ultimately used for imaging, sensing, and delivery of individual cancer 

therapeutics and combination drug/gene delivery all together. The adaptability and variability 
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of medical conditions such as cancer requires both detection and treatment which can only be 

accomplished by such multimodal approach.  

 To provide impact on cancer therapeutics two areas; detection and treatment must be 

addressed in our work. Cancer detection is critical for effective therapeutics as it would allow 

for early treatment, development of the most effective therapeutic plans for patients, as well as 

for the opportunity to advance cancer research32-34. The development of new therapeutics is 

important and timely: current therapeutics can be quite toxic and detrimental to the patients 

offering no information about the pathways of the cancer therapies or the presence of the cancer 

sites. There are several advantages of the GQDs that we will impactfully utilize in this work to 

address both cancer treatment and detection: GQDs can be functionalized with molecular 

chemotherapy drugs in a variety of covalent and non-covalent approaches 35, exhibit pH-

dependent fluorescence in the red/near-IR36 spectral region with reduced biological 

autofluorescence background, can even facilitate cell proliferation37 and are suitable for 

photoluminescence sensing applications38. Thus, GQDs may offer a multifunctional alternative 

to improving cancer therapy and diagnostics.  

The need to perform several therapeutic functions is imperative to successful drug 

development. The effective formulation must be accumulated in tumors following systemic 

administration, should exhibit anticancer effect, and at the same time provide no off-target 

toxicity or adverse immune response. At best, such formulation should also allow for imaging 

the location of the drug and sensing of cancerous environments to ensure accumulation in the 

tumor and possibly predict metastasized sites. Therefore, a new, more effective anticancer 

formulation than those existing currently should be developed to meet the needs of cancer 

therapeutics. A delivery platform (GQDs) will amplify the anticancer toxicity of the 

anticancer/gene delivery therapeutic by concentrating the amount delivered in cells and 
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provide fluorescence-based imaging of its delivery pathways and pH sensing of cancer 

environments. The intrinsic fluorescence response of such platforms makes them highly 

advantageous as imaging agents.  

In the present GQD platform, fluorescence emission will be used to image the delivery 

pathways of the known redox cancer therapeutic and will be focused in cancer cells via the 

attached targeting agent. The multimodality of such therapeutic system, providing a unique 

opportunity for treating, detecting, and imaging several types of cancer is, therefore, expected 

to have a high impact on the advancement of multimodal treatment approaches and, therefore, 

on the field of cancer therapeutics in general. The approach is innovative as it utilizes unique 

properties of graphene quantum dots which are not yet used for the advantage of cancer 

therapeutics in order to simultaneously address multiple theranostic functions as opposed to 

conventional single-function therapies.  

Questions to be Answered 

1. Are graphene quantum dots suitable for biomedical applications? 

2. Can these nanomaterials be used for imaging and delivery? 

3. Do they offer sensing capabilities? 

4. Can these nanomaterials be used to create a targeted cancer treatment formulation? 

5. Is the targeted cancer treatment formulation suitable for biomedical applications? 

6. Can the targeted cancer treatment formulation be used for imaging and delivery? 

7. Does the targeted cancer treatment formulation offer sensing capabilities? 

8. How does developing combined imaging/targeting/treatment formulation affect 

treatment efficacy and targeted accumulation? 
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Literature Review/Background Study 

Cancer.  

Cancer is a group of diseases involving abnormal cell growth with the potential to spread. 

Understanding what leads to this abnormal growth can help the development of more effective 

therapies for the many different types of cancer. It is important to first understand that 

individual cells serve as the foundational components of tissue and organ structure and are both 

autonomous and versatile39. These individual cells, for the most part, contain a complete 

organismic genome which includes more information than any individual cell will ever need39. 

This allows for cellular maintenance throughout the lifetime of the organism. Unfortunately, 

however, this also allows for the possibility that cells may be able to obtain critical information 

within their genomes that they would typically not have access to and thus, assume roles that 

are detrimental to normal tissue activity39. Unlike their healthy counterparts, cancer cells are 

unable to regulate cell growth, which often results in a tumor. Cancer cells also lack adhesion 

molecules and can travel to other regions of the body, known as metastasis. These cells can 

grow and divide before they reach maturity and are able to evade growth suppressors present 

in the system. Additionally, many protein mutations have been associated with abnormal 

growth in cancer cells40. Identifying these irregularities can help with the successful 

development of treatment options for patients. 

 Currently, there are a variety of standard therapeutic approaches utilized to treat cancer. 

These include surgery, radiation therapy, chemotherapy, immunotherapy, targeted therapy, or 

biomarker testing41. While one therapy may be sufficient for some patients, many utilize a 

combination of therapeutic approaches to achieve the most effective treatment plan42 and to 

account for the shortcomings of each individual method. For example, surgery is used to 

remove the tumor mass, but doesn’t guarantee that all cancer cells have been removed41. 
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Therefore, patients often utilize a combination of surgery and chemotherapy. Chemotherapy is 

the use of cancer drugs to kill cancer cells in the body, but often impacts both cancer and non-

cancer cell types, making it detrimental to patient health. There have also been a variety of 

immunotherapies developed to assist the immune system’s response to cancer cells, including 

immune checkpoint inhibitors, T-cell transfer therapy, and monoclonal antibodies43. In 

addition to immunotherapy, with further development of molecular therapeutics44, 45, targeting 

approaches45, 46 and nanotechnology47, 48 new cancer treatment methods focused on affecting 

exclusively cancer tumors emerge. Many of these therapeutic approaches utilize fluorescence 

tracking to identify where the therapy goes, and potentially identify internalization pathways.  

Fluorescence  

Fluorescence is the effect of light emission by an atom or molecule after a finite duration 

subsequent to the absorption of the excitation photon49. This phenomenon is observed when 

electron in a material in its ground (or lower energy) state is excited by a photon into an excited 

state. Once the electron reaches the excited state, it may undergo a non-radiative relaxation49, 

falling to the lowest excited state. The electrons in the lowest excited state can either further 

decay non-radiatively to the ground state or return to the ground state by radiatively releasing 

energy, which is known as fluorescence. The fluorescence process is characterized by the 

fluorescence quantum yield (QY) and fluorescence lifetime49. Fluorescence quantum yield is 

used to describe the efficiency of the fluorescence process50, and can be characterized using 

the following equation: 𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
. These values, however, are often 

determined by comparing a sample to a known standard with similar excitation/emission 

wavelengths. Fluorescence lifetimes measure the amount of time a fluorophore spends in the 

excited state before emitting a photon to return to the ground state51. These values can be 
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determined through manipulation of the equation: 𝐼(𝑡) =  𝐼0𝑒
−𝑡

𝜏  where 𝐼0 is the intensity at time 

t = 0 s, t is the time after the absorption, and τ is the fluorescence lifetime. A number of 

molecules exhibiting fluorescence, including such fluorophores as azadioxatriangulenium 

(ADOTA)52, citrazinic acid53, or rhodamine54, as well as more complex structures including 

emissive graphene derivatives55-58 can be utilized in a variety of applications as fluorescence 

trackers59, 60.  

Graphene 

Graphene is an allotrope of carbon serving as a parent structure to a multitude of materials, 

including graphene oxide, graphene quantum dots, and other derivatives. It has a hexagonal, 

crystal lattice structure composed of sp2 hybridized carbon. Graphene is utilized in a number 

of applications, such as water desalination61, new age electronics62, 63, graphene-assisted laser 

desorption/ionization for mass spectrometry64 and high resolution electron microscopy65, due 

to its uniquely high electrical66  and thermal67 conductivity, tensile strength68 and transparency 

properties69. Although graphene has a number of remarkable properties, it is a zero-band gap 

semiconductor and is therefore unable to fluoresce. Unlike metals and semiconductors, where 

the valence band overlaps the conduction band or is separated by a small gap, respectively, the 

band structure of single-layer graphene must be explored further. Utilizing density functional 

theory (DFT), the electronic band structure can be shown to have conical structures formed by 

Dirac cones. The structure of graphene is what yields the remarkable properties desirable for 

electronic applications. While there is no fluorescence capability for graphene, graphene 

derivatives maintain the properties that are advantageous, allowing for it to be used in 

biomedical applications including DNA sequencing 70,  biosensor development 71, and cell 

differentiation and growth 71. 
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Graphene Oxide 

Graphene Oxide (GO) possesses unique properties which make it more attractive than 

graphene for optical and biomedical applications: it is water soluble, provides a large platform 

with a variety of addends for convenient functionalization-based drug attachment, and exhibits 

fluorescence in the visible/near-infrared. Graphene oxide is a 2-D material derived from 

graphene by introducing several oxygen functionalities that are covalently bonded to the 

carbon atoms. In aqueous solutions, GO flakes are negatively charged with the formation of an 

electrical double layer at the GO/water interface. This overall negative charge at physiological 

conditions governs water solubility of the nanomaterial. The chemical structure of GO depends 

on the synthetic process and can be altered via the protonation/deprotonation of the oxygen-

containing groups on its surface. Reduction of the GO makes the material more hydrophobic 

and unstable72. The absorption spectrum is dominated by the π→π* transition of the carbon 

platform that usually occurs at approximately 230 nm. There are two theories regarding GO 

fluorescence. The first theory contributes fluorescence origins to the islands of graphitic carbon 

surrounded by oxygen-based functional groups73, and the second assumes that it originates 

from regions of confined electrostatic potential surrounding the functional groups74, 75. Each 

theory can be explained using the quantum mechanical example of a particle in a box, such 

that we see the splitting of the energy levels and therefore, the creation of the bandgap in 

otherwise gapless graphene, which is derived from a smaller size of the confined region. Using 

the first theory, it can be explained such that the confinement of the graphitic regions impacts 

the free electrons within graphitic islands, causing the quantization of the energy levels. Due 

to confinement, the gap between the conduction and valence bands is introduced with the 

energy of several eVs yielding the possibility of fluorescence in the visible73. The second 

theory also resembles the 2D particle in a box example, in which a confined region of 
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electrostatic potential is considered around certain functional groups and is thought to be 

inducing electronic confinement. As we expect both the regions of graphitic carbon and regions 

of electrostatic potential vary in size across GO platform, GO fluorescence feature is expected 

to consist of multiple emission peaks with different emission energies. It is important to note, 

however, that neither of these theories for the pathways of GO emission have been fully 

confirmed, although experimental evidence in ozone-driven oxidation of GO76 points to the 

possibility of manipulation of the size of graphitic regions that leads to change in fluorescence 

emission energies. There are some drawbacks for GO, however, which include some 

cytotoxicity still setting a boundary for therapeutic concentrations, larger particle sizes 

inconvenient for internalization and tissue penetration, and also emission mostly in the visible 

only tailing into NIR, which inhibits its use for in vivo organ imaging, limiting applications 

only to intravital and ex vivo. 

Graphene Quantum Dots 

The limitations of graphene platforms have a potential to be addressed through utilizing zero-

dimensional graphene quantum dots (GQDs). GQDs share some desirable properties of 

graphene oxide including water solubility and fluorescence, but also have a variety of attributes 

such as small size and high biocompatibility that can enhance their use in biomedical 

applications. Those include their use as biological labels for stem cell research77, cellular and 

deep tissue imaging78, and photodynamic therapy79. GQD structures can be designed to exhibit 

higher quantum yields 21, stability against photobleaching80, and some also possess emission 

in the near-IR81. NIR imaging modality has been hypothesized as an advantageous tool for in 

vivo imaging due to higher penetration depth and diminished scattering of near-infrared light 

in biological tissues. Similar to GO, the emission in the visible range is expected to be 

confinement-related, occurring due to the small size of quantum dots (3-5 nm) allowing for 
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band gaps in the visible73. This visible emission appears to be substantially excitation 

dependent82: broad distribution of GQD sizes allows for exciting different-sized structures at 

different wavelengths thus resulting in wavelength-dependent confinement-governed 

emission82. The emission in the NIR, however, is potentially related to electronic states at the 

functional group-derived defects or their arrangements as was proposed in previous works82  

supported by the 10-fold lower NIR fluorescence life times. However, limiting toxicity 

observed in a few NIR-emissive QDs83 hampers their further in vivo utilization, which results 

in biological applications of GQDs, including bioimaging, being restricted to fluorescence in 

the visible84. Although more biocompatible, these novel nanomaterials still face significant 

obstacles preventing their large scale fabrication and biomedical imaging applications: 

widespread top-down GQD synthesis has generally poor reproducibility85 while bottom-up 

approach tends to produce QDs with lower quantum yields82, 86. Attempts to improve quantum 

yields87 and broaden the emission range83 typically increase QD toxicity due to the introduction 

of additional chemical components. Combined, all the aforementioned drawbacks hamper 

translational studies, diminishing the value of GQDs for therapeutic applications and requiring 

for new GQD structures with more advantageous properties. 

Introduction 

Cancer is one of the leading causes of death worldwide, with a staggering death toll of over 

609,000 in the United States alone in 201888. Nearly 40 % of all people will be diagnosed with 

cancer at some point89. While existing therapies such as radiation, and chemotherapy can be 

successful2 and non-invasive, they often affect both healthy and cancer tissues, posing a threat 

to patients’ health. Some of these health concerns include nausea, vomiting, gastrointestinal 

and/or oral mucositis, and increased risk of cardiovascular disease are a few of the commonly 

cited issues with use of a variety of current chemotherapeutics90. Another major drawback of 
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modern chemotherapies is the inability to provide information about the treatment pathways, 

hampering the optimization and advancement of the treatment. While current therapeutics have 

efficiently increased survival rates, there is still need for improved treatment options. Effective 

therapeutic strategies must address several issues simultaneously, such as imaging, targeting, 

treatment, and sensing due to the variability and adaptability of the range of cancer types 

known to date. Thus, image-guided therapies are needed to explain treatment pathways and 

provide cancer detection leading to the improved treatment of cancer.   

Development of a multifunctional imaging, targeted delivery, and treatment agent 

would address a multitude of critical issues. Poor delivery of the drugs to cancer tumors hinders 

the efficacy of cancer treatment regimens, and often leads to longer or more aggressive 

treatments for patients91. Furthermore, since cancer therapeutics are often not focused on the 

tumor, their accumulation in healthy tissues causes unnecessary offsite toxicity92, 93. One step 

towards improving cancer therapeutic efficacy by using multidrug treatment agents is being 

currently developed to overcome potential drug resistance in tumor issues94. Creating a 

treatment platform that can account for the need to attach and deliver multiple drugs 

simultaneously would optimize treatment options for multiple cancer types, improving the 

delivery and allowing for focusing delivery to tumors by specific cancer-binding targeting 

agents95, 96. Targeted delivery can boost efficacy of a multimodal treatment agent and prevent 

non-selective toxicity97. Finally, there is a critical need for image-guided approaches. 

Currently, there are a variety of therapeutic imaging techniques, including CT, MRI, PET, 

ultrasound as well as visible, and near-infrared (NIR) fluorescence imaging. NIR fluorescence 

imaging does not require complex equipment as CT, MRI and PED do, but offers deeper tissue 

imaging than that available to visible fluorophores due to lowered absorption and scattering of 

near-infrared light by the biological tissue98. However, there are few NIR emitters known to 
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date and conventional fluorophores, both visible and infrared suffer from the issues of 

biotoxicity and low photostability.  

New technologies and materials are actively being developed to address a number of 

aforementioned therapeutic and imaging issues. For instance, a novel class of structures, 

nanomaterials, are currently utilized in a variety of bioapplications, including imaging99, 

disease and cancer detection3, 100, drug delivery101, photodynamic102 and photothermal 

therapy103. Nanotechnology provides multiple platforms that can be altered via chemical 

synthesis to address a specific condition’s treatment needs104 and stimulate or suppress 

biological responses105, facilitating antitumor effects106 or treatment of inflammatory effects107. 

The ability of nanomaterials to meet the needs of these applications, by the means of drug108, 

targeting agent109 or fluorophore110 attachment, gives them an advantage to become a platform 

for desired multimodal therapeutics.  Drug delivery with nanomaterials  can be beneficial as 

delivery agents may protect the healthy tissue from adverse effects of chemotherapeutics 

encapsulating them, or enable safe transport of gene therapeutics prone to degradation and 

water-insoluble drugs to cancer tumor sites and cells. Additionally, nanomaterials can provide 

imaging in cancer cells and tissues in the visible and near-infrared (NIR)7 with high 

photostability111 and enable targeted delivery112, 113. Thus, nanotechnology-based systems are 

advantageous due to their multifunctionality, offering both drug delivery and detection 

capabilities.   

 Although such nanoformulations significantly improve the capabilities of conventional 

therapeutics, there is still a challenge to expand the options for image- and sensing-guided 

therapy and improve targeting to multiple cancer types. Currently, very few nanomaterial 

systems can carry out imaging, sensing, and delivery concurrently114, while none are used in 

clinic due to low biocompatibility115, complex fabrication116, 117, issues with body clearance, 
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and unknown decomposition routes118. Biocompatible nanomaterials exhibiting environment-

dependent electronic and/or structural properties are expected to fill this gap with a promise of 

utilization as molecular sensors as well as for imaging and drug delivery. As a result, the 

leading modern approaches in cancer therapeutics are now directed toward both molecular and 

nanomaterials-based formulations performing several functions at once. Those formulations, 

however, are still often restricted by non-specific toxicity114, 119, lack of sensing capabilities120 

or drawbacks of structural complexity121, 122. New multimodal theranostic approaches 

combining targeted123,124 and image-guided delivery with cancer-selective treatment125 and 

diagnostics are required to fully meet the demanding needs of cancer therapeutics.   

Carbon-based materials can often be more versatile and offer some outstanding 

properties unlike other nanoplatforms, which can be further advantageously utilized in 

biotechnology. Graphitic nanomaterials, in particular, such as carbon nanotubes or graphene, 

are also becoming competitive contenders for bioapplications. Single-walled carbon nanotubes 

have been utilized as delivery and imaging agents with the potential to address antiobiotic 

resistance126 and perform drug127 and gene delivery128 as well as photothermal therapy128. 

Reduced graphene oxide has been utilized in nanoscale sensors of glucose129 and as carriers 

for magnetic resonance imaging (MRI) agents130. These graphitic nanomaterials offer distinct 

advantages such as remarkable optoelectronic properties for some including an ease in 

covalent/non-covalent functionalization. Unfortunately, however, multiple carbon 

nanomaterials are limited in further translation to the clinic due to the insolubility of some of 

those in water131, potential toxicity131, or complex synthetic processes129. To further utilize the 

advanages of carbon-based formulations in cancer therapeutics, the nanomaterial would need 

to address all the desired theranostic functions including targeting, cancer-selective treatment, 

high biocompatibility, image-tracking detection and be simple/cost-effective to produce. 
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Significant development was recently made to utilize nanocarbon vehicles for a variety 

of multimodal biomedical applications, including the use of nanodiamonds for targeted 

delivery and imaging of cancer therapeutics132, modified carbon nanotubes for imaging and 

targeted therapy of a brain glioma133 or graphene oxide devices for electrochemical biosensing 

of four DNA bases134 or sensing of biomolecules such as dopamine or cholesterol135. However, 

to date, none that have been engineered address all the aforementioned capabilities and many 

still exhibit some toxic or biologically incompatible responses136. Graphene is one of such 

materials that, having a plethora of applications in science and engineering137, 138, cannot be 

utilized as a therapeutic carrier due to its insolubility in water, cytotoxic biological profile and 

lack of fluorescence imaging capabilities. On the other hand, more biocompatible graphene 

derivatives139, 140, including graphene quantum dots, graphene oxide141 and an assortment of 

graphene-based nanoparticles142, 143, provide water-soluble platforms that can be in principle 

optimized for imaging and drug/gene therapeutic transport. So far these materials have been 

used for targeted delivery113,144, 145, imaging144, 145 and chemical sensing146. In many of these 

applications, however, carbon nanomaterials have to be modified, via PEG conjugation for 

imaging, biocompatibility and therapy 147, 148 or require the use of additional fluorescent dyes 

for detection 17, 77, 149. Such formulations again still may exhibit significant non-specific 

toxicity via off-site accumulation 113,144, 145, and many of them do not possess desired 

capabilities for cancer detection.  

Among the carbon-based platforms, graphene oxide (GO) possesses some of the 

properties more attractive for biotechnology: it is water soluble, provides a large platform for 

functionalization with targeting, therapeutic or diagnostic agents150, 151, and exhibits 

fluorescence in the visible range tailing into near-infrared76, 141, 152. GO is often used in cancer 

targeting approaches due to the enhanced permeability and retention (EPR) effect. Our work 
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shows that graphene oxide is non-toxic in the cells up to the imaging concentrations of ~15 

µg/mL, rapidly internalizes and functions as a ratiometric pH sensor due to its pH-specific 

emission141. GO offers the benefit of a large platform for attachment of functional groups 

including targeting moieties, MRI agents and anticancer drugs153, and possesses imaging 

capabilities due to its fluorescence in the visible and NIR, as well as a pH-dependent electronic 

transitions154. GO pH-specific emission is beneficial for non-invasive optical sensing as it 

offers the capabilities to detect small shifts in the spectra depending on the environment and 

can therefore quantify its acidity. Given that cancer environments are generally more acidic 

than the healthy ones due to the excretion of lactic acid by cancer cells155 GO can be used for 

cancer detection. Although in our previous work141 GO was successfully utilized for 

simultaneous imaging, cancer sensing, and delivery, we still encountered limitations to its use 

in vivo. Drawbacks include some cytotoxicity still setting low maximum boundary for 

therapeutic concentrations, and the size of ~200-300 nm inconvenient for cell internalization 

and tissue penetration, and emission mostly in the visible only tailing into NIR and not suitable 

for even low depth tissue imaging.  

The restrictions of graphene platforms can be overcome by the use of graphene 

quantum dots. GQDs maintain the desirable properties, such as water solubility and 

fluorescence, but have additional properties that can be used to enhance their use in biomedical 

applications.  For example, GQDs can be synthesized having different sizes156, optical 

properties with fluorescence in multiple spectral regions157, 158 and different addend structures 

on their surface159 yielding a platform with a variety of water solubility and biocompatibility 

levels160, 161.  GQDs have an advantage of being produced by a variety of synthetic methods 

that can be readily adjusted to fit particular applications. These can be prepared via a plethora 

of different synthetic approaches including top-down and bottom up routes162, 163 and a variety 
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of precursor materials, which allows for a range of properties, some more advantageous for 

bioapplications. GQDs can be synthesized having different sizes156, optical properties with 

fluorescence in multiple spectral regions157, 158 and different addend structures on their 

surface159 yielding a platform with a variety of water solubility and biocompatibility levels160, 

161. 

GQD structures can be designed to exhibit higher quantum yields 21, stability against 

photobleaching80, and some possess emission in the near-IR81. NIR imaging modality has been 

hypothesized as an advantageous tool for in vivo imaging due to higher penetration depth and 

diminished scattering of near-infrared light in biological tissues. There are very few NIR-

emissive materials compatible for biological use, thus developing a new one is a significant 

step forward in that field. Limiting toxicity observed in a few NIR-emissive QDs83 developed 

to date impacts potential for in vivo utilization, which results in biological applications of 

GQDs, including bioimaging, being restricted to fluorescence tracking in vitro with mostly 

GQDs fluorescing in the visible used.84 Such GQDs with fluorescence in the visible, although 

more robust, still face significant obstacles preventing their large scale fabrication and 

biomedical imaging applications: top-down GQD synthesis has generally poor 

reproducibility85, whereas bottom-up synthesis often produces QDs with lower quantum 

yields82, 86. Attempts to improve quantum yields87 and broaden the emission range83 typically 

increase QD toxicity due to the introduction of additional chemical components. Combined, 

these drawbacks hamper translational studies, diminishing the value of GQDs for therapeutic 

applications. 

 To address biocompatibility, reproducibility in fabrication and the need for high-yield 

fluorescence capabilities along with near-IR imaging, we develop novel doped graphene 

quantum dots with advantageously modified optical properties. Nitrogen-doped (N-GQDs), 
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sulfur-doped (NS-GQDs), and boron-nitrogen codoped (BN-GQDs) graphene quantum dots 

are synthesized via a simplistic, scalable and reproducible 1-step hydrothermal route, and 

tested for biological imaging in the visible and near-IR as well as for pH-based cancer detection 

in vitro. These GQDs with high biocompatibility, and high-yield visible emission along with 

near-IR fluorescence in NIR demonstrate the capacity to become non-toxic, standalone, 

multifunctional agents for multicolor imaging, effective cellular internalization, and 

biosensing. Of these, nitrogen-doped graphene quantum dots are found to be the most 

promising candidates with highest biocompatibility, fluorescence-based pH response and 

simplest synthetic process.  

As a platform with a variety of oxygen and nitrogen-containing functional groups, N-

GQDs exhibit the potential for the attachment and delivery of multiple cancer therapeutics. 

Here we not only synthesize the GQDs as an imaging platform but go all the way to test those 

in novel anticancer therapeutic transport. The lack of specificity of current chemotherapeutics 

calls for utilizing novel cancer-selective treatment avenues. A strategy selected in this work is 

based on the reducing environment of cancer cells, which leads to the production of reactive 

oxygen species (ROS) due to their high metabolic rate and mitochondrial dysfunction. This 

reducing environment of cancer cells is caused by the production of superoxide, which is 

prevalent in cell signaling for tumor proliferation164. This is less prominent in non-cancer cells, 

where reactive oxygen species (ROS) are more easily mitigated165. Excessive ROS generation 

in cancer cells by the therapeutic is therefore expected to create a toxic effect166, that is aimed 

to be used as a cancer-selective therapeutic approach. Ferrocene (Fc) is a known reducing agent 

generating a cytotoxic response specifically in the reducing environments of cancer cells linked 

to the production of reactive oxygen species (ROS) during the redox cycle of iron167, 168. The 

attachment of Fc to the electron-rich N-GQD platform may facilitate enhancement of its redox-
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based toxicity to cancer cells. In addition to cancer-selective treatment, targeting utilized 

currently in a variety of nanoformulations can aid to further focus the treatment to cancer cells 

only. Our work utilizes one of the common and highly effective approaches involving the use 

of hyaluronic acid (HA) to target CD44, a receptor overexpressed in cancer cells169. While the 

functional roles of CD44 are not fully understood169-171, CD44 and its variants play a role in 

cancer development and progression171.   HA is able to target and activate the CD44 receptors, 

which induces both cell proliferation and cell survival171. HA functionalization of the 

therapeutic Fc unit will allow targeting a variety of cancer cell lines known to overexpress 

these CD44 receptors, including cervical cancer (HeLa) cells 170, 171 used in this work. 
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Chapter 2- Experimental Methods and Procedures 

Synthesis/Sample Prep 

Graphene quantum dots are synthesized using a hydrothermal microwave-assisted treatment 

using a commercial microwave. A 0.14 M aqueous glucosamine-HCl solution is placed in a 

microwave and treated for 40 minutes at a power setting of 450 W. Different dopant precursors 

(sulfur thiourea or benzeneboronic acid) is also added prior to the synthesis to achieve a variety 

of quantum dot types (N-GQDs, NS-GQDs, and BN-GQDs). GQDs produced using this 

method are then purified from the smaller-sized molecular starting materials via bag dialysis 

with 500-1000 Da membranes for seven days. A substantial synthetic yield of 15-20% is 

achieved after purification82.  

Optical Measurements and Characterization 

Fluorescence spectra were measured using SPEX NanoLog, Horiba Scientific 

spectrofluorometer in the regions of 300 to 1000 nm with the excitation in the visible at 400 

nm and excitation in the NIR at 800 nm. Different types of GQDs show different quantum 

efficiencies due to doping-related fluorescence quenching or enhancement. 

Cell culture 

Two cancer cell lines (HeLa –Human cervical carcinoma, and MCF-7 – Human breast cancer) 

were used in this work, as well as one non-cancer cell line (HEK-293, Human embryonic 

kidney fibroblast). Cells were maintained in a Thermo-Scientific Midi 40 CO2 Incubator at 

37.1°C with 5% carbon dioxide, 95% air. For microscopy, cells were plated onto the glass 

coverslips which were placed at the bottom of 6-well plates. A minimum of 6 hours was 

allowed for cell attachment to the coverslips before the addition of quantum dot samples. N-

GQDs and NS-GQDs were introduced to the wells at a final concentration of 1 mg/mL in each 

well, while BN-GQDs were introduced at a lower concentration of 0.1 mg/mL per well. The 
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cells for the internalization experiments follow the initial procedure listed in ‘Graphene 

Quantum Dots, Cell Culture’ section. The cells were then washed with 0.5 mL of PBS to 

remove extracellular GQDs and prepare cells for imaging. For the cell internalization/excretion 

experiment, 0.5, 1, 3, 12, and 24 hours were used as treatment time points. For the pH study, 

cells were imaged without a washing step, to maintain GQD presence both in the intra- and 

extracellular environments for pH detection in both. 

MTT cytotoxicity assays 

An MTT cytotoxicity assay is conducted with several GQD samples (NS-GQDs, N-GQDs, and 

BN-GQDs), at the concentrations from (0-2mg/mL). Each sample is prepared via serial 

dilutions at the testing concentrations ranging from the maximum concentration. After 

incubation for 12 hours, an MTT solution is introduced and incubated for 4 hours, as the 

reduction of the MTT is dependent on cellular metabolic activity. Absorbance values below 

the measured control indicate a decrease in the rate of cell viability, as only living cells are 

able to metabolize and convert the MTT into a highly absorbing purple colored formazan 

product172. The absorbance, serving as an indication of cell viability, is then measured using 

the FLUOstar Omega microplate reader, and analyzed via Omega software.  

Imaging 

Samples were sealed and imaged via visible/near-IR spectrally-resolved microscopy setup. It 

includes Olympus IX73 microscope with 60x IR-corrected Olympus Plan Apo objective 

coupled to Photometrics Prime 95B CMOS camera through a filter wheel with emission filters 

covering the visible part of the spectrum. An optimal configuration of filters selected based on 

GQD emission spectra including 375 ± 14 nm and 475 ± 25 nm excitation and 450 ± 20 nm 

and 535 ± 20 nm emission filters is utilized for visible imaging, while a 650± 20 nm excitation 

and 750± 20 nm emission filters are used for NIR imaging. Appropriate exposure time and 
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illumination levels for each filter set were determined using control cells with no GQDs 

present, ensuring zero autofluorescence background both in the visible and NIR for control 

samples.  

Imaging Analysis 

Image analysis was performed using ImageJ software. Background-subtracted emission per 

unit area for each biological cell was calculated by taking the integrated fluorescence intensity 

and subtracting a product of an average (over ~10 cells per cell type) mean gray value of the 

background intensity per unit area and the area of each measured section. This was done for 

multiple regions to account for any variation in the background. The corrected total cell 

fluorescence (CTCF) was determined by subtracting out the average background intensity from 

the integrated intensity over the whole cell. pH analysis statistics comparing cancer versus 

healthy cells were obtained by comparing emission intensity in green (550 nm) and blue (450 

nm) for over 100 cells. The images compared were of the same regions, allowing for the 

analysis of the emission from the same cells or extracellular environments in both green and 

blue.  The CTCF for both emission wavelengths were determined and then compared, allowing 

for the quantification of the green to blue emission ratios utilized for pH sensing.  

Synthesis of treatment formulation (Fc-GQD-HA) 

Nitrogen-doped graphene quantum dots (N-GQDs) are synthesized using a low cost, 

simple, hydrothermal route159, 173. Aqueous glucosamine-HCl solution (a glucosamine 

precursor) (0.14 M) is suspended in water and subjected to hydrothermal microwave-assisted 

treatment at 400 watts for 60 min.  Microwave irradiation facilitates polymerization and 

nucleation of carbon clusters173  ultimately leading to the formation of graphene quantum dots 

decorated with nitrogen- and oxygen-containing functional groups. Upon completion, N-
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GQDs are purified via bag dialysis with 500-1000 Da Molecular Weight Cut-off (MWCO) 

membrane for 24 hours to remove unreacted precursor.  

The synthesis of the GQD-Fc-HA formulation is schematically represented in Figure 

1. In preparation for covalent functionalization in organic solvent, purified N-GQDs are 

initially freeze-dried in a Labconco, FreeZone 4.5 freeze-dryer. Further, they are complexed 

with HA and Fc via the following reaction steps. Chemical modifications are carried out in a 

fritted syringe. Step 1:  95.3 mg ethylene diamine and fluorenylmethyloxycarbonyl (FMOC) 

(0.3 mmol) are added to a coupling cocktail of diisopropylcarbodiimide (DIC) (37.1 µL, 0.3 

mmol), diisopropylethylamine (DIPEA) (38.0 µL, 0.3 mmol), and hexafluorophosphate 

benzotriazole tetramethyl uronium (HBTU) (113.8 mg, 0.3 mmol) in dichloromethane 

(CH2Cl2). This solution is then added to 250 mg dry N-GQD (0.1 mmol) powder, which is 

loaded to a fritted syringe. The reagents are mixed thoroughly for 4 hours at room temperature, 

which is then followed by a sequence of 6 washing steps in dichloromethane to remove any 

remnants of the coupling cocktail. Each wash is performed by submerging the product in ~ 5 

mL dichloromethane, inverting the syringe, and filtering the liquid through a 0.45 µm disk 

filter. Step 2: The washed product is then mixed with a 20% piperidine/CH2Cl2 solution for 20 

minutes at room temperature, to remove the FMOC group and leave the free NH2 group. This 

is repeated a total of two times. The insoluble materials are separated from the 

piperidine/CH2Cl2 solution through syringe filtration. Further, the product is again subjected 

to 6 washing steps in dichloromethane as in step 1. This yields N-GQDs with amine groups 

suitable to react with the carboxyl groups of the hyaluronic acid. Step 3: the product of step 2 

is mixed with hyaluronic acid (367.7 mg, 0.3 mmol), the same coupling cocktail of DIC (37.1 

µL, 0.3 mmol), DIPEA (38.0 µL, 0.3 mmol), and HBTU (113.8 mg, 0.3 mmol) in 

dichloromethane (CH2Cl2). The reaction is stirred for 4 hours and the resulting GQD-HA 
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compound is washed 6 times with dichloromethane to remove the remaining coupling cocktail. 

An excess of the amine groups on GQDs allows for further reaction of the remaining ones with 

Fc-COOH in Step 4. Step 4: the product is mixed with ferrocene monocarboxylic acid, 

dichloromethane, and the coupling cocktail. After shaking for 4 hours, it is again washed 6 

times in dichloromethane as described previously. Upon completion, the Fc-GQD-HA 

formulation is dispersed in 5 mL DI water and subjected to centrifugal filtration in a 3 kDa 

centrifugal filter at 10,000 x g’s for 3 minutes to remove smaller constituent reagents leaving 

larger (over 3 kDa) Fc-GQD-HA formulation. A diagram of synthesis can be found in Figure 

1. A concentration of 1 mg/mL is used for the Fc-GQD-HA formulation in all further 

experiments, while comparable concentrations (based on the iron content assessed via the EDX 

analysis) are utilized for the HA-ferrocene, prepared via serial dilutions from the stock 

solutions. 
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Figure 1. Synthesis diagram for the preparation of the Fc-HA-GQD formulation. 

Physical and Optical Characterization 

In order to assess the synthesis of Fc-GQD-HA formulation, we perform several 

characterization procedures. The morphology of Fc-GQD-HA hybrid deposited on the carbon-

coated 200 mesh copper grid under ambient conditions is characterized using transmission 

electron microscopy (TEM JEOL JEM-2100). Fast-Fourier-transform (FFT) analysis of TEM 

images indicates crystalline graphitic structure present in the Fc-GQD-HA formulation. Energy 

dispersive X-ray spectroscopy (EDX) analysis is performed to determine the presence of 

expected elements, while Fourier Transform Infrared Spectroscopy (FTIR) in the ATR mode 

of Thermo Nicolet Nexus, 670 FTIR, is used to qualitatively assess the presence of expected 

functional groups and thus, success of the synthesis. A change in optical properties due to 



26 
 

alteration of the electronic structure of the GQDs is assessed via absorption and fluorescence 

spectroscopy. The absorbance is measured using Agilent Technologies, Cary 60 UV-vis 

spectrophotometer in the range of 200-1100 nm, while SPEX NanoLog, Horiba Scientific 

spectrofluorometer is used to measure the fluorescence spectra of the hybrid in the region of 

365 to 700 nm with 350 nm excitation.  

Fluorescence Microscopy Measurements  

Cover slips with treated cells are sealed and imaged using a visible/near-IR spectrally resolved 

microscopy setup. This setup is composed of Olympus IX73 microscope with 60x IR-corrected 

Olympus Plan Apo objective, using Photometrics Prime 95B CMOS camera coupled to 

Olympus DSU (disk-spinning unit) confocal system for visible imaging with 

excitation/emission filter wheels enabling spectrally resolved image acquisition. An optimal 

configuration of filters is selected based on GQD emission spectra (475 ± 25 nm excitation and 

535 ± 20 nm emission filters). Appropriate exposure time and illumination levels for each filter 

set are determined using control cells with no GQDs present, ensuring zero autofluorescence 

from control cells. Spinning disc confocal microscopy utilizes the DSU, which eliminates the 

light emitted at image planes other than that in focus, allowing for collecting the confocal 

image. Z-stacking of confocal images from different planes is further used to create 3-D 

images. Colocalization images are acquired based on optimal exposure and contrast settings 

for each staining, determined using non-treated control cell slides to ensure zero 

autofluorescence. The following filter combinations are utilized: DAPI excitation filter: 375± 

14 nm, DAPI emission filter 450± 20 nm; Lysotracker Red excitation filter: 540± 10 nm 

Lysotracker Red emission filter: 600 ± 20 nm; Fc-GQD-HA formulation excitation filter: 475 

± 25 nm,  Fc-GQD-HA formulation emission filter:  535 ± 20 nm.  
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Cell culture 

In this study, one cancer cell line (HeLa, Human cervical carcinoma) and one non-cancer cell 

line (HEK-293, Human embryonic kidney fibroblast) are used for in vitro work. One more 

cancer cell line (MCF-7, Breast cancer cells) is used specifically for DCFHDA experiments 

with ferrocene. Cells are maintained at 37 °C with 5% carbon dioxide and 95% air using a 

Thermo-Scientific Midi 40 CO2 Incubator. In vitro fluorescence microscopy is performed on 

cells on glass coverslips mounted on microscope slides. The slides are prepared for cell plating 

by soaking in 1M HCl for a minimum of 6 hours at 50-60 °C. Coverslips are then washed twice 

with DI water and stored in a 70% ethanol solution. These coverslips are used when plating 

HeLa or MCF-7 cells, however, for HEK-293 cells, an additional collagen treatment is 

performed ensuring better cellular adhesion. For the collagen treatment, 1 mL sterilized 1M 

NaOH is added to 1 mL sterilized 10X PBS in a falcon tube, followed by the addition of 2 mL 

of collagen (5 mg/mL suspension in 0.02 N acetic acid). PBS formulation includes 80 g NaCl 

(1.37 M), 2 g KCl (27 mM), 17.8 g Na2HPO4 · 2H2O (100 mM) and 2.4 g KH2PO4 (18 mM) 

in distilled water. The final volume is then brought to 10 mL using sterile DI water. The 

coverslips are submerged in the collagen solution for at least 12h. The collagen coating is 

solidified as the cover slips are placed in a 6-well plate in the 37oC incubator overnight. The 

collagen coating is then equilibrated with complete medium and allowed to sit for 30 minutes 

at room temperature prior to use. After the medium is removed, the coverslips are washed once 

using 0.5 mL of 1X PBS. For microscopy, cells are plated onto respective glass coverslips 

which are placed at the bottom of 6-well plates. A minimum of 12 hours is allowed for cell 

attachment to the coverslips before the addition of the quantum dot samples. The Fc-GQD-HA 

formulation is further introduced to the wells at a final concentration of 1 mg/mL in each well. 

Prior to imaging, the cells are washed twice with 0.5 mL of PBS helping to remove 
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extracellular quantum dots by replacing the cell medium. To fix the cells, coverslips are washed 

with 0.5 mL 1X PBS and treated with 0.5 mL of 4% paraformaldehyde. After 30 minutes of 

exposure to 4% paraformaldehyde, coverslips are washed again with 0.5 mL 1X PBS. A drop 

of mounting solution, Fluoromount, is then placed in the center of the slide prior to placing the 

coverslip cell-side down. The coverslip is finally sealed to the microscope slide in preparation 

for imaging. Additional colocalization study is also performed to determine the location of Fc-

GQD-HA formulation within the cells. Cells are stained with two different fluorophores blue 

nuclear (DAPI) and red lysosomal (Lysotracker red (ThermoFisher)) stain added to each well 

containing HeLa cells for 10 minutes and 30 minutes, respectively. Upon completion, the wells 

are washed once using 0.5 mL of 1X PBS and then fixed for imaging.  

Cellular Measurements of Oxidative Stress 

To compare the reactive oxygen species (ROS) generated by N-GQDs, ferrocene-COOH, and 

Fc-GQD-HAs in biological environments, a DCFDA (Dichlorofluorescein diacetate) assay is 

performed in HeLa cells. Samples are prepared via serial dilutions at the testing concentrations 

in serum-free medium and added to the cells. After a minimum of 12 hours of incubation, cell 

media is removed from the 96-well plate, and DCFDA is introduced at a concentration of 25µM 

and incubated in the plate for 45 minutes. Once the DCFDA has diffused into the cells, it is 

deacetylated into a non-fluorescent compound174. This compound can then be oxidized by 

ROS, resulting in the production of DCF (dichlorofluorescein), which is highly fluorescent174. 

The DCFDA solution is further removed and replaced with complete medium. Serial dilutions-

based of sample volumes are then introduced to each well, and those are incubated for 12 hours 

to yield the production of the DCF. After that, the fluorescence of DCF is measured using the 

FLUOstar Omega microplate reader with 485 nm excitation and 520 nm emission wavelength 
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settings and further analyzed with Omega software. The same procedure was used to assess 

ROS generated by ferrocene in MCF-7 cells.  
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Chapter 3- Are graphene quantum dots suitable for biomedical applications? 

Results and Discussion 

Size characterization/degradation

In this work, we synthesize several types of quantum dots with different dopants to determine 

which are most suitable for internalization, sensing, and imaging. GQDs are produced via a 

simple one-step hydrothermal route: a single glucosamine precursor is subjected to a 

microwave treatment in water suspension in a household microwave. This allows for scalable 

low-cost production of GQDs for biotechnology applications. As-synthesized nitrogen-doped 

graphene quantum dots were characterized as well as in our previous studies82, 175, confirming 

their size, structure and composition. GQDs show crystallinity signifying a presence of 

graphene lattice and have the sizes of 3-5 nm derived from TEM images (Figure 2, Figure 7) 

that are potentially suitable for cell internalization.  
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Figure 2. (a) TEM image showing crystallinity of GQDs and discernable lattice domain 

structure. (b) and (c) TEM images of N-GQDs at varying magnifications 

Their structure is likely to contain few layers as assessed by the AFM height profile analysis 

(Figure 3) showing the GQD height distribution with 1.82 nm mean. 
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Figure 3. AFM of nitrogen-doped graphene quantum dots. Mean height= 1.82 nm. 

 FTIR of each quantum dot type indicates the presence of the respective dopants and a variety 

of oxygen-containing functional groups beneficial for GQD solubility and potential active 

agent attachment. (Figure 4).  Each quantum dot type shows an O-H peak and N-H peak at 

3275 cm-1 and 3090 cm-1, respectively. Additionally, there is the expected COOH peak at 1600 

cm-1. For each of the graphene quantum dot types, the stretching vibrations of C-N/N-H/C-H 

are present at 1330, 1240, and 1021 cm-1 respectively, which are common for each type 82. The 

C-S stretching peak at 1020 cm-1 and S-H shoulder at 2560 cm-1, are common for NS-GQDs, 

and a B-N peak observed at 1380 cm-1 is common for BN-GQDs. The existence of these 

functional groups indicates the successful doping of each quantum dot type.  
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Figure 4. FTIR spectra of N-GQDs, NS-GQDs, and BN-GQDs. 
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Absorbance 

The absorbance spectrum of the N-GQDs is measured from 200-1100nm and shows 

absorbance in the visible region (Figure 5).  

 

Figure 5: Absorbance spectrum of N-GQDs. 

Fluorescence 

The differences in chemical structure of quantum dots doped with nitrogen (N-GQDs), sulfur 

(NS-GQDs), and boron and nitrogen (BN-GQDs) alter the emission spectra (Figure 6),  

providing some variations in spectral peak positions and their relative intensities that may be 

beneficial for the aforementioned applications.   These fluorescence properties possessed by 

GQDs make them promising materials for potential use in biological applications, as unlike 

most conventional fluorophores and nanomaterials, they exhibit bright emission both in the 
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visible and near-IR (NIR) with quantum yields from 22 to 60% measured via a comparative 

method in our previous work82. The emission in the visible range is expected to be 

confinement-related occurring due to the small size of quantum dots (3-5 nm) allowing for 

band gaps in the visible73.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Normalized fluorescence emission spectra in the visible (with 375 nm excitation) 

and NIR (with 700 nm excitation) for N-GQDs (a), NS-GQDs (c), and BN-GQDs (e) all 

measured in aqueous dispersions at pH ~7. Model structures of a single layer of the 

corresponding GQDs: N-GQDs (b), NS-GQDs (d), and BN-GQDs (f). 
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This visible emission appears to be substantially excitation dependent82: broad distribution of 

GQD sizes allows for exciting different-sized structures at different wavelengths thus resulting 

into wavelength-dependent confinement-governed emission82. The emission in the NIR, 

however, is potentially related to electronic states at the functional group-derived defects or 

their arrangements as was proposed in previous works82  supported by the 10-fold lower NIR 

fluorescence life times. These fluorescence properties possessed by GQDs make them 

promising materials for potential use in biological applications, including multicolor imaging. 

Due to its higher tissue penetration depth up to several centimeters, 176  NIR capabilities may 

allow for in vivo imaging. High quantum yield82 visible emission from GQDs on the other hand 

can be advantageously utilized for in vitro studies. A capability of imaging across a variety of 

visible wavelengths makes quantum dots even more versatile for potential applications 

utilizing image-guided therapy. 

Cytotoxicity 

Quick and efficient delivery is desirable in order to be compatible for biological studies, while 

the clearance of the platform from the cells is critical to avoid cytotoxicity and cell damage 

associated with accumulation of the large amounts of nanomaterials. GQD sizes of 3-5 nm are 

more advantageous for internalization as opposed to other larger graphitic platforms.  
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Figure 7. TEM images of N-GQDs for incubated times in cell media of HEK-293 cells. Scale 

bar is 5 nm. 

The issue of non-specific toxicity in healthy tissues is one of the major drawbacks for the use 

of nanomaterial-based platforms, preventing their translation into clinic. Therefore, both the 

toxicity and internalization must be evaluated to assess the feasibility of graphene quantum 

dots for in vitro studies. MTT cytotoxicity assay performed with HeLa cells treated with each 

quantum dot type up to maximum concentrations allowed by the synthetic procedure shows no 

significant cytotoxic response for NS-GQDs and N-GQDs. 
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Figure 8. Cytotoxicity of BN-GQDs (black), NS-GQDs (blue), and N-GQDs (red) in HeLa 

cells showing percent cell viability with respect to the GQD concentration. 

Both NS-GQDs and N-GQDs result in exceptional, ~100% cell viability at the imaging 

concentrations of 1 mg/mL (Figure 8). The apparent increase in cell viability at lower doses 

could be potentially explained by the metabolizing of either GQDs or any remaining 

glucosamine impurities by cells. The absence of significant cytotoxic response of the cells to 

high concentrations of these quantum dots shows that unlike many other nanomaterials they 

have the potential to be used in biological in vitro applications at high doses. However, a 

significantly greater cytotoxic response is displayed for BN-GQDs with less than 60% cell 

viability at the 1 mg/mL doses, thus limiting their future applications to the concentrations 

below 0.1 mg/mL that yield over 80% cell viability. The higher toxicity of BN-GQDs could in 

part originate from the reducing effects of boron-based addends. 
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Summary 

This chapter evaluates the use of graphene quantum dots in biomedical applications. Three 

different quantum dot types were analyzed (nitrogen-doped, boron-nitrogen-doped, and 

nitrogen-sulfur doped) and characterized. The crystalline structure of the quantum dots was 

verified through TEM analysis, suggesting that the quantum dots maintained their 

advantageous properties. Additionally, the average height of the nitrogen-doped graphene 

quantum dots was shown to be 1.82 nm, making them suitable for cellular internalization. 

Through FTIR analysis, it appears as if the dopants are consistent with expected peaks, 

indicating the successful doping of each quantum dot type. Each quantum dot shows a 

fluorescence signal in both the visible and NIR and degrade within 24 hours. N-GQDs and 

NS-GQDs show a minimal cytotoxic response, while the BN-GQDs have a slightly higher 

cytotoxic response. Overall, the graphene quantum dot types tested appear to be suitable for 

their use in biomedical applications.  
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Chapter 4- Can Graphene Quantum Dots be used for imaging and delivery? 

Results and Discussion 

Internalization 

In addition to low cytotoxicity for two types of GQDs, their potential for biodegradation and 

cellular internalization must be investigated as major factors enabling their utilization in 

biomedical applications. The lack of biodegradability yielding to offsite accumulation and over 

time acquired toxicity is by far one of the major drawbacks for utilizing nanomaterials-based 

delivery vehicles 2, 177. To ensure full biocompatibility, we image GQDs in HeLa cell culture 

over time with TEM tracing the QD shapes in the extracellular environments. Images of the 

GQDs at the incubation times up to 12 hours indicate stable structures and QD sizes. However, 

further incubation results in significant decrease in size and deterioration of QD structures 

(Figure 7): at 24 hours, GQD sizes tend to become smaller and they lose their circular shape; 

by 32 hours, the quantum dots appear to be partially - to fully degraded into monomeric or 

smaller polymeric structures. This process is verified by the apparent loss of crystallinity of 

GQDs with incubation time assessed by FFT analysis of transmission electron images (Figure 

9) and the flake size analysis performed on over 100 flakes in TEM images showing monotonic 

GQD size decrease with incubation time. 
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Figure 9.  (A-E)-TEM images of N-GQDs in HeLa cell culture at varying times with the 

corresponding FFT image analysis, indicating the crystallinity of the structure exposed to 

cell media at different times; F- Average diameter of N-GQDs with respect to time, analyzed 

using TEM images at varying times for over 100 N-GQDs in HeLa cell culture, indicating 

degradation of quantum dots.  

 Such time-dependent biodegradation is rare among carbon platforms and provides a critical 

advantage making GQDs unique biocompatible nanovehicles for therapeutic transport. 
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Optically assessed internalization study in HeLa cells is further utilized to evaluate the 

pathways of different GQD types in biological cells. We use 475 nm excitation known to yield 

a green emission from these GQDs imaged with 535 nm filter and ensure no autofluorescence 

(Figure 10) by using lower accumulation and excitation intensity settings providing zero 

autofluorescence background from control cells.  

 

 

 

 

 

 

 

Figure 10. Fluorescence microscopy. (a) overlay of GQD emission with the bright field 

image of HeLa cells transfected with GQDs. (b)(c) – Fluorescence and bright field images of 

non-treatment control HeLa cells. 

Since these GQDs show remarkable photostability82, the maximum integral fluorescence 

intensity detected intracellularly is assumed to occur at the maximum internalization point. 

Additionally, extracellular GO is removed by the washing of HeLa cells prior to imaging, 

leaving only the emission from internalized GQDs. As a result, GQD emission could be used 

as a measure of their internalization. Such intracellular GQD detection at different time points 

shows increased accumulation (Figure 11a) for up to 12 hours after which for all GQD types, 

intracellular emission is diminished. 

 Since extracellular GQDs were removed, the integrated emission signal calculated per 

unit cell area and averaged over ~200 cells is deemed to be proportional to the amount of 

 C  B A B C 



43 
 

GQDs internalized into cells helping to assess the most efficient internalization time frame 

(Figure 11). Similar internalization trend holds for all GQD types and agrees with images of 

individual cells and cell clusters (Figure 11). This is expected as the GQDs tested in this 

work have similar structures and sizes only varying in doping types and levels affecting so 

far only the cytotoxicity. Emission decrease at 24 hours for all quantum dot types is 

indicative of potential excretion of GQDs from the cells or, possibly, their partial 

degradation.  

 A colocalization study undertaken with regular fluorescence (Figure 13 (a-c)) and 

confocal microscopy imaging (Figure 13 (d-f)) helps to assess GQD potential for drug and 

gene delivery by compartmentalizing green GQD emission with blue nuclear (DAPI) and red 

(Lysotracker Red) lysosomal staining. Each fluorophore’s emission is also assessed 

individually to verify GQD location within the cells (Figure 12).  
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Figure 11. a) Cell internalization/excretion timeline assessed through the normalized GQD 

emission intensity per unit area in HeLa cells at different time points for N-GQDs (red), NS-

GQDs (blue), and BN-GQDs (black). Error bars for some points are within their size. b) 

Fluorescence emission of various quantum dot types in HeLa cells at a number of treatment 

time points. Excitation and emission filters used: 475±25 nm and 535±20 nm. Scale bar= 

10µm. 
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Figure 12: Colocalization image matrix showing GQD location within the cells for various 

GQD types and fluorescent staining. Red: LysoTracker Red, excitation at 540 nm emission 

recorded at 600 nm; Blue: DAPI, excitation at 375 nm emission recorded at 450 nm; Green: 

GQDs, excitation at 475 nm emission recorded at 535 nm. 
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Confocal images taken at the variety of focal planes throughout the cells indicate that all GQD 

types appear to at least partially localize with lysosomes as their fluorescence coincides with 

lysotracker emission (Figure 13 (d-f) and Figure 14 right panel) indicating endocytosis as one 

of the potential entry pathways, and mostly reside in the cytoplasm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Fluorescence colocalization images of (a) N-GQDs, (b) NS-GQDs, and (c) BN-

GQDs emission (green) with DAPI (blue) and Lysotracker Red (red) staining within HeLa 

cells. Confocal colocalization images of (d) N-GQDs (scale bar=10µm), (e) NS-GQDs (scale 

bar=10µm), and (f) BN-GQDs (scale bar=10µm).  
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Figure 14: Confocal overlay image matrix indicating localization in the lysosomes and some 

in the nucleus; Texas Red exc. 
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Some GQD emission in the cytoplasm is not localized within endosomes suggesting either 

their endosomal escape or other entry mechanisms. GQDs as opposed to many other graphitic 

materials141 show some co-localization with nuclei best seen in the fluorescence overlays of 

only DAPI and GQD emission (Figure 14). This suggests that GQDs may serve as delivery 

agents into cytoplasm and may have potential for reaching the cell nucleus.  

 
Multicolor Fluorescence Imaging 

Unlike a single fluorophore exhibiting fluorescence emission in a particular spectral range, 

GQDs also offer multicolor imaging capabilities in the visible as well as the near-infrared due 

to the excitation dependence of their fluorescence. Each quantum dot type is imaged at a variety 

of excitation and emission wavelengths, and shows emission as it is internalized into HeLa 

cells in blue (450 nm), green (535 nm), and NIR (750 nm) (Figure 16). These nanomaterials 

have stable fluorescence that does not show detectable fluctuation with prolonged irradiation 

(Figure 15) and thus allows for intracellular imaging both in the visible and the near-IR.  

stack-3_MMStack_Pos0.ome_xvid.avi
 

Figure 15: Microscopy video of GQDs for 420 seconds, showing no photobleaching during 

that time. Imaged with 450 nm excitation and 535 nm emission. 

Capability of multi-wavelength imaging suggests the versatility of GQDs as an imaging 

platform that can be combined with many other visible biological fluorescence markers in 

vitro: there will always be spectral areas where GQD emission is not overlapped with the dyes.  
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Figure 16. Multicolor imaging of N-GQDs, NS-GQDs, and BN-GQDs in blue, green, and 

near-IR. Excitation and Emission filters used are Blue- exc: 375 ± 14 nm em: 450 ± 20 nm; 

Green- exc: 475 ± 25 nm em: 535 ± 20 nm; near-IR- exc: 650 ± 20 nm em: 750 ± 20 nm. 

Additionally, GQD near-infrared emission can be potentially utilized for imaging in vivo, as 

near-IR yields deeper penetration into biological tissues. If successful, this could allow for non-

N-GQDs 

NS-GQDs 

BN-GQDs 



50 
 

invasive optical imaging of the therapeutic pathways simultaneously with drug delivery in 

small animal models.  

 As a multifunctional delivery/imaging/sensing platform, GQDs provide a variety of 

advantages over other nanomaterials-based systems. Many imaging and drug delivery 

nanoparticle systems, such as aptamer-conjugated GNPs for DOX transport145 or metal-organic 

nanocomposites for delivery and imaging of therapeutic agents178, generate systemic toxicity, 

which is still a limiting issue. Graphene quantum dots, on the other hand, present a modifiable 

platform for drug attachment that provides effective imaging and cellular internalization with 

a 100% cell viability at substantially higher concentrations reaching 1 g/mL for N-GQDs and 

NS-GQDs. GQDs are simple and inexpensive in preparation as opposed to many nanoscale 

therapeutic delivery systems that require elaborate multistep synthesis117. High quantum yield 

(over 60% for N-GQDs82) intrinsic fluorescence of GQDs allows for imaging without the 

attachment of additional fluorophores, often used to track many other nanoparticles 179, 180 and 

adding to their toxicity profile. GQDs show substantial biodegradability within 36 hours that 

sets them ahead of all non-biodegradable nanoscale platforms, accumulation of which in the 

cells and tissues may hinder their long term use 177, 178, 181. In addition, GQDs offer multicolor 

visible and visible and near-IR imaging capabilities for both in vitro and in vivo detection 

unlike the majority of nanoscale drug delivery platforms, or even other graphene quantum 

dots182, 183, which only offer imaging in the visible.  

Summary 

GQDs utilized in this work have for the first time been developed in our lab to provide 

unique capabilities not present in other current GQD platforms. We also propose graphene 

quantum dots as imaging and delivery agents for cancer therapeutics, as they have superior 

properties of smaller size, no cytotoxicity, ease in preparation and apparent biodegradability. 



51 
 

Toxicity analyses show that within the imaging concentrations used throughout the study, N-

GQDs and NS-GQDs are essentially harmless to the cells, while BN-GQDs offer some 

cytotoxic response and should be restricted to lower concentrations of ~0.1mg/mL. Each 

quantum dot type is approximately 3-5 nm in size, therefore making them easily internalized 

by the cells, with their maximum internalization occurring at 12 hours. This is verified both 

visually and analytically, indicating that the GQDs are also excreted within 24 hours, making 

them suitable for drug delivery as they are not expected to accumulate in cells for an 

indefinite time as many current delivery vehicles do. Additionally, GQDs studied here are 

biodegradable with over 36h degradation period allowing time for drug release and at the 

same time making them safe to use in living organisms as they are not expected to 

accumulate and are hypothesized to degrade in glucose-based monomers. N-GQDs, NS-

GQDs, and BN-GQDS all exhibit fluorescent emission that peaks both in the visible to the 

near-IR, suggesting their imaging capabilities are superior to other nanomaterials used in 

biomedical applications only exhibiting visible fluorescence. These GQDs can be used for 

multicolor imaging, indicating the possibility of imaging in cells via visible fluorescence and 

in tissues via NIR emission. 
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Chapter 5- Do GQDs offer sensing capabilities? 

Overview 

For GQDs to be used also as a sensing platform, we explore their ability to optically 

detect the difference in pH of the biological environments. GQD fluorescence exhibits 

substantial response to pH that can be potentially derived from protonation/deprotonation of 

oxygen-containing functional groups similarly to that observed for graphene oxide154.This 

effect can be beneficially utilized for biosensing of cancerous environments as those typically 

have lower pH 184, 185 due to excretion of lactic acid 186. Fortunately, the significant variation 

of N-GQDS and NS-GQD spectra falls within the biological pH (6-8) range suggesting a 

promise for a deterministic spectral sensing. At the basic pH – blue (469 nm) and at the acidic 

pH – green (500 nm) shoulders of GQD spectra become more dominant (Figure 17 (a), (c)) 

yielding intensity ratios of approximately 1.7 for N-GQDs and 1.6 for NS-GQDs.  
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Figure 17. Fluorescence spectra of N-GQDs at varying pH levels in the (a) visible and (b) 

NIR and NS-GQDs in the (c) visible and (d) NIR. 

Although this effect is less significant than intensity variations observed for pH-sensor visible 

fluorophores187, 188,  the ability to vary spectral signature rather than emission intensity that can 

be quenched by a number of extrinsic factors may allow for a more deterministic and reliable 

pH sensing. The emission spectra for BN-GQDs show no spectral variation with pH, 

potentially due to the passivation of a number of functional groups by boron dopants and their 

electronic environments. pH-induced spectral changes are also observed in the NIR spectra for 

both N-GQDs and NS-GQDs (Figure 17 (b), (d)) suggesting a potential for pH sensing in the 

NIR with superior penetration depth in biological tissue. However, initial sensing feasibility 

studies in this work focus on pH sensing via GQD emission in the visible, as it exhibits spectral 
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changes that can be more conveniently discriminated with spectral filters utilized in the present 

microcopy system.  

 Prior to cell studies pH-sensitivity of GQDs is first assessed on microscopic level 

imaging those on a cover slip at various pH levels (Figure 18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Images of N-GQDs at varying pH levels. Blue imaged with excitation 375 nm, 

emission at 450 nm. Green imaged with excitation 475 nm, emission at 535 nm. 

This simple test shows qualitative apparent difference in GQD blue to green emission between 

acidic and basic pH environments (green emission is brighter in acidic rather than basic 

conditions) further suggesting GQD potential for pH-sensing of microenvironments.  To verify 

the in vitro sensing capabilities of the N-GQDs and NS-GQDs, we introduce suspension of 
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each quantum dot type to two cancer and one healthy cell lines (HeLa, MCF7, and HEK-293). 

Here the cells are imaged without a washing step so that the extracellular quantum dots will 

remain: the pH sensing of extracellular environments could be an important marker of high 

extracellular lactic acid levels in cancer cells. Based on pH-induced variation of the spectral 

features (Figure 17), we propose using green/blue emission ratios as quantitative assessment 

of pH-induced GQD emission changes. Fluorescence imaging at two wavelengths, in green 

(535nm) and blue (450nm) also allows better visualization of the difference in GQD blue 

versus green emission between cancer and healthy cell lines. For N-GQDs (Table 1 images) 

and NS-GQDs (Table 2 images) it is evident that the emission in green is more significant in 

cancer versus healthy cellular environments.



56 
 

 Table 1. N-GQD intracellular and extracellular green/blue emission intensity ratios across 

healthy (HEK-293) versus cancer (HeLa and MCF-7) cell lines, and corresponding 

fluorescence images demonstrating emission differences. Scale bar= 10µm. 

535/450 nm Intensity Ratios Across Cell Lines N-GQDs 

 HEK-293 HELA MCF-7 

INTRACELLULAR 1.73 ± 0.49 2.56 ± 0.05 2.27 ± 0.63 

EXTRACELLULAR 1.22 ± 0.01 8.27 ± 0.05 8.38 ± 0.63 

Green (535 nm) 

   

Blue (450 nm) 

   

 

Green to blue ratios of background-subtracted average fluorescence intensities per unit area 

for each cell further provide quantitative estimates of pH variations between cancer and 

healthy environments (Table 1, Table 2) indicating significant extracellular variations of 

GQD emission between healthy (HEK-293) and cancer (HeLa, MCF-7) cell lines. Green to 

blue emission ratios calculated for NS-GQDs and N-GQDs in extracellular cancer cell 

environments are significantly higher than those assessed in healthy cell environments by the 
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factors of 1.6 to 6.8 respectively, suggesting a capability of deterministic ratiometric spectral 

cancer pH detection by the GQDs in vitro. A less pronounced trend was observed among the 

intracellular ratios. This could be explained by intracellular pH buffering by cell proteins and 

phosphate buffers maintaining cell pH within a narrow biological range 189, 190.  Thus, mainly 

extracellular GQD emission is considered in this work as a potential mechanism of pH 

sensing of cancerous environments. The emission of BN-GQDs does not indicate pH-

dependence spectrally and therefore was not analyzed in vitro for pH-based cancer detection. 

The ratios observed in the in vitro study are generally larger than those expected from the 

variation of GQD spectral signatures with pH. Such a dissimilarity can be caused by either 

the effects of complex biological redox environments not present in aqueous suspensions, 

and/or by integration of the emission intensity over the whole spectral range permitted by the 

microscopy filters in the in vitro studies. In these studies GQDs were also generally imaged 

near the cells, assessing the significantly lower pH microenvironments in the vicinity of cells 

where the lactic acid is excreted191, 192 and thus yielding more significant intensity variations.  
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Table 2. NS-GQD intracellular and extracellular green/blue intensity ratios across healthy 

(HEK-293) versus cancer (HeLa and MCF-7) cell lines, and corresponding fluorescence 

images demonstrating emission differences. Scale bar= 10µm. 

535/450 nm Intensity Ratios Across Cell Lines NS-GQDs 

 HEK-293 HELA MCF-7 

INTRACELLULAR 1.09 ± 0.01 2.18 ± 0.35 1.73 ± 0.09 

EXTRACELLULAR 1.50 ± 0.01 4.96 ± 0.35 3.57 ± 0.09 

Green (535 nm) 

   

Blue (450 nm) 

   

Summary 

This fluorescence signal of graphene quantum dots is pH-dependent, allowing the GQDs to 

detect a difference between cancerous (HeLa and MCF-7 cells) and healthy (HEK-293 cells) 

environments. In vitro data derived from over 200 cell and extracellular environments statistics 

reveals an efficient cancer sensing that provides a promise of using GQDs as nanoscale pH 

sensors. Furthermore, pH-dependence of NIR emission indicates the potential for GQDs to be 

applied as sensors of low depth cancerous environments in vivo or ex vivo. GQDs are 
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affordable, easy to produce, and agents possessing the properties that could help revolutionize 

cancer treatment detection and potentially aid in detecting tumor boundaries for surgical tumor 

removal. However, the main novelty of doped GQDs tested in this work is their multimodality: 

GQDs can simultaneously perform several desired theranostic functions: being a 

biocompatible/degradable platform for imaging, delivery, and cancer detection. 
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Chapter 6- Can GQDs be used to create a targeted cancer treatment formulation 

suitable for biomedical applications? 

Overview 

As a platform with a variety of oxygen and nitrogen-containing functional groups, N-GQDs 

exhibit the potential for the attachment and delivery of multiple cancer therapeutics. The lack 

of specificity of current chemotherapeutics calls for utilizing novel cancer-selective treatment 

avenues. A strategy selected in this work is based on the reducing environment of cancer cells, 

which leads to the production of reactive oxygen species (ROS) due to their high metabolic 

rate and mitochondrial dysfunction. This reducing environment of cancer cells is caused by the 

production of superoxide, which is prevalent in cell signaling for tumor proliferation164. This 

is less prominent in non-cancer cells, where reactive oxygen species are more easily 

mitigated165. Excessive ROS generation in cancer cells by the therapeutic is therefore expected 

to create a toxic effect166, that is aimed to be used as a cancer-selective therapeutic approach. 

Ferrocene (Fc) is a known reducing agent generating a cytotoxic response specifically in the 

reducing environments of cancer cells linked to the production of reactive oxygen species 

during the redox cycle of iron167, 168. The attachment of ferrocene to the electron-rich N-GQD 

platform may facilitate enhancement of its redox-based toxicity to cancer cells. In addition to 

cancer-selective treatment, targeting utilized currently in a variety of nanoformulations can aid 

to further focus the treatment to cancer cells only. This work utilizes one of the common and 

highly effective approaches involving the use of hyaluronic acid (HA) to target CD44, a 

receptor overexpressed in cancer cells169. While the functional roles of CD44 are not fully 

understood169-171, CD44 and its variants play a role in cancer development and progression171.   

HA is able to target and activate the CD44 receptors, which induces both cell proliferation and 
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cell survival171. HA functionalization of the therapeutic Fc unit will allow targeting a variety 

of cancer cell lines known to overexpress these CD44 receptors, including cervical cancer 

(HeLa) cells 170, 171 used in this work. Additional to the HA targeting, the nanoscale size of the 

N-GQDs will also facilitate the preferential accumulation in cancer tissues via enhanced 

permeation retention (EPR) effect. 

In the present therapeutic platform, GQD emission will be used to image the delivery 

pathways of Fc-HA without the need of additional fluorophores, HA will provide targeting and 

Fc will provide cancer-selective treatment. As opposed to the aforementioned therapeutic 

nanoformulations performing only a few of those functions, the proposed model will be fully 

multifunctional and, therefore, more versatile, ultimately providing a new solution for safer 

cancer-selective and targeted diagnostics. 

Results and Discussion 

Characterization 

Nitrogen-doped graphene quantum dots developed in our previous work159 are chosen as 

convenient multifunctional delivery/imaging agents for the Fc-based therapeutic model. These 

GQDs have an advantage of high biocompatibility, exhibit intrinsic fluorescence for image-

based tracking and can be effectively internalized and excreted/degraded by cells. Most 

importantly, GQDs have both carboxyl and amino groups, which we utilize for the attachment 

of targeting and treatment moieties leading to the synthesis of Fc-GQD-HA formulation. 

Hyaluronic acid is used as the targeting agent, as it preferentially binds to the overexpressed 

CD44 receptors on several cancer cell types193, 194, including HeLa cells. This provides a 

versatile mechanism of achieving preferential accumulation of the therapeutic in a variety of 

cancers. The formulation synthesis can be separated in 3 critical steps. In step 1 of the 
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synthesis, carboxylic acid moieties of the quantum dots are modified to yield amine 

functionalized N-GQDs primed for further functionalization. In step 2, carboxylic acid groups 

of HA are covalently attached to the amine groups, now present on the N-GQDs. In step 3, 

ferrocene-COOH, selected as an oxidative stress-based therapeutic195, is linked to the 

remaining NH2 groups on the GQDs, to serve as a therapeutic part of the joint formulation. In 

this procedure, centrifugal filtration and washing steps ensure the purity of the final 

formulation (Figure 19 C). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 (A) TEM image of Fc-GQD-HA formulation (red outline is to serve as a guide to an 

eye) with (B) corresponding FFT analysis, verifying the crystalline structure and the graphene 

lattice of the quantum dots. Scale bar = 5 nm. (C) Proposed connectivity of the Fc-GQD-HA 

formulation. 

A B 

C 
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The synthesized hybrid is analyzed via Transmission Electron Microscopy (TEM) to confirm 

the size, composition, and the crystalline structure of the N-GQD platform.  

 

 

 

 

 

 

 

 

 

 

Figure 20. TEM images of synthesized Fc-GQD-HA formulation. 

TEM scans (Figure 19(A), Figure 20) depict the discernable graphitic lattice fringes of GQDs, 

while the FFT images (Figure 19(B), Figure 21) verify their crystallinity, indicating that the 

integrity of the GQD platform in the Fc-GQD-HA formulation is not affected by chemical 

functionalization.  
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Figure 21. TEM images of Fc-GQD-HA hybrids with corresponding FFT analysis to confirm 

crystallinity. 

EDX analysis is further used to confirm weight/atomic percentage of expected elements 

(Figure 23, Figure 22) including carbon, oxygen, chlorine, nitrogen, and iron averaging those 

over several sample areas.  
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Figure 22. EDX mapping of Fc-GQD-HA agglomerates on the TEM grid. 
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Over 83 atopic % carbon is expected to project from the backbone of the GQDs, while 

oxygen/nitrogen can be attributed mainly to the functional groups left from glucosamine or 

formed/added in the synthesis. EDX analysis also ensures that the dichloromethane solvent is 

fully removed from the product as only 0.09% of Chlorine is detected, while the presence of 

~2.8% iron indicates the successful incorporation of the ferrocene-COOH therapeutic. Thus, 

elements present in the mapping are consistent with the expected structure of the Fc-GQD-HA 

formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. (a) TEM image of Fc-GQD-HA agglomerate. EDX elemental maps of the same area 

for (b) carbon, (c) oxygen, (d) chlorine, and (e) iron with their averaged atomic weight 

percentages listed in the table. 

Element At. Wt. % 

Carbon 83.58 

Oxygen 13.54 

Chlorine 0.09 

Iron 2.79 

A B 

C D 

E 

0.5 µm 0.5 µm 
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 The presence of the expected functional groups is further assessed by the Fourier 

transform infrared spectroscopy. We expect an increase in COOH due to the addition of 

hyaluronic acid, containing an abundance of the carboxylic group, which is expected to affect 

the peak located at 1410 cm-1. Additionally, we expect the appearance of the amide peak at 

~1600 cm-1 as the primary amines of the linker react with COOH groups of the HA forming 

amide. This feature can be indeed observed in Figure 24.  Although structural characterization 

is suggesting successful formulation synthesis, its further utilization depends on the 

performance of 3 critical functions: the capability of fluorescence imaging, targeting, and 

redox-based cancer-specific treatment due to the reducing Fc moiety.  

 

 

 

 

 

 

 

 

Figure 24. FTIR spectra of (a) pristine N-GQDs and (b) freeze-dried Fc-GQD-HA 

formulation. 

Summary 

A targeting moiety (hyaluronic acid) and a redox treatment agent (ferrocene) are attached to 

the N-GQDs covalently in a 3-step procedure akin to peptide synthesis. TEM images of the 

Fc-GQD-HA formulation confirm the crystallinity of the product, while EDX mapping 
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indicates successful incorporation of the Fc ROS-generating unit. FTIR signifies toward the 

formation of amide groups and, therefore, also confirms successful synthetic attachment of 

the formulation.   
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Chapter 7- Can the treatment formulation be used for imaging and delivery? 

Results and Discussion  

Fluorescence 

Absorbance spectrum of the Fc-GQD-HA formulation (Figure 25b) is different from that of 

pristine N-GQDs173, with a substantial increase in absorption peak located below 200 nm 

associated likely with HA absorption (Figure 25). The red shift of the ~300 nm feature 

potentially arises due to COOH functionalization affecting n -> π* transitions. This also points 

to the successful formation of the Fc-GQD-HA formulation, while the preserved emission in 

the visible allows the N-GQDs to retain their capability as an imaging platform.  

 

 

 

 

 

 

 

Figure 25. (a)Fluorescence spectrum of Fc-GQD-HA formulation (black) and purified N-

GQDs (red) in the visible with excitation at 400 nm, measured in aqueous suspension; (b) 

absorbance spectra of Fc-GQD-HA formulation (black) and pristine N-GQDs (red). 

 Imaging and targeting capabilities of the synthesized hybrids are assessed in vitro via 

the analysis of their fluorescence emission in cancer versus non-cancer cells. The fluorescence 

of the GQD-Fc-HA appears stable in multiple media including complete medium, HeLa cell 
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medium, and mouse blood serum (Figure 26) for up to 48 hours suggesting sufficient for our 

experiments stability in vitro and giving the promise for their stability in vivo. 

 

 

Figure 26. Normalized peak fluorescence at 450 nm with 350 nm excitation of Fc-HA-GQD 

formulation in blood serum (blue), complete medium (orange), and HeLa cell medium (gray) 

at 1, 6, 12, 24, and 48-hour timepoints indicating formulation stability. 

 A high temporal stability of GQD fluorescence159 also permits the quantitative analysis of 

their presence in the cells (Figure 27) via assessing the fluorescence intensity per unit cell area 

as the measure of their concentration.  
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Figure 27. 3D fluorescence images of Fc-GQD-HAs in HeLa cells built by z-stack 

accumulation of confocal microscopy images of GQD emission at different planes within the 

cells collected with 480 nm excitation and 535 nm emission. Right and left images are 

rendered at different angles of observation.  

This advantage over rapidly photobleaching molecular fluorophores is used to identify and 

quantify both the intracellular accumulation and targeting of the CD44 receptors by the 

attached HA. Cellular internalization of the formulation is first qualitatively verified by 

confocal fluorescence microscopy of Fc-GQD-HAs in HeLa cells. The 3D cell image created 

by z-stacking image planes indicates substantial GQD fluorescence signal originating from 

inside the cells (Figure 27). 

Internalization 

Following quantitative analysis of internalization/ excretion is essential as it may allow 

determining a potential administration schedule to avoid adverse cytotoxic effects due to a 

build-up of therapeutic intracellularly.  
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Figure 28. Fluorescence emission of 1 mg/mL of the Fc-GQD-HA formulation in HeLa cells 

and HEK-293 cells at 1, 4, 12, 24, 48-hour treatment time points. 475 ± 25 nm excitation and 

535 ± 20 nm emission filters used. Scale bar = 20 µm.  

In order to accomplish this assessment, extracellular Fc-GQD-HAs are removed via an 

additional washing step prior to imaging using 0.5 mL of 1X PBS and the image settings are 

adjusted to the level at which autofluorescence is negligible, altogether allowing the detection 

of only internalized Fc-GQD-HA formulation fluorescence with 475 nm excitation. The 

integrated emission signal per unit area in this condition is expected to be proportional to the 

amount of product internalized by the cells (Figure 28). Similarly to previous assessments of 

GQD accumulation in vitro159, this analysis shows maximum internalization of the Fc-GQD-

HA hybrids at 12 hours of incubation for both HeLa and HEK-293 cells followed by excretion 

and potential degradation, while in vivo, shorter timeframes could be expected.  
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Summary 

The maintained fluorescence capabilities of the Fc-GQD-HA formulation in-vitro suggest that 

it can be used for successfully for imaging. The effective internalization of the Fc-GQD-HA 

formulation in cancer cells traced by its intracellular fluorescence is maximized at 12 hours 

with further potential excretion. The intracellular delivery of the therapeutic is imaged via 

confocal microscopy mapping of GQD accumulation throughout the cell and shows 

accumulation mainly in the cytoplasm. Thus, we verify both imaging and delivery capabilities 

of Fc-GQD-HA.  
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Chapter 8- Does the treatment formulation offer sensing capabilities? 

Results and Discussion 

 Fc-GQD-HA formulation successfully retains the visible emission of the GQD platform 

exhibiting a broad feature in the visible (Figure 25a) expected to be confinement-related173 

consisting of fluorescence peaks from a variety of different-sized GQD structures and carbon 

lattice substructures. The NIR fluorescence originating in the pristine N-GQDs from defect-

related states at the functional groups173 is diminished in the final Fc-GQD-HA formulation 

(Figure 29), suggesting that the majority of the functional groups of the N-GQD platform 

responsible for this emission are now passivated by the covalent attachment of HA  and Fc-

COOH. 

 

Figure 29. NIR fluorescence spectra of Fc-GQD-HA formulation 

 pH-induced effects are inhibited likely for the same reason, while N-GQDs showed pH 

detection sensors in vitro159 (Chapter 5), the Fc-GQD-HA formulation shows minimal to no 

change in the fluorescence spectra at varying pH levels (Figure 30) and only the intensity 
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change due to pH. Although pH sensitivity is present, without the variation in the spectral 

landscape, just the quenching of the emission spectra are not deterministic enough to serve as 

an optical pH sensing mechanism as the quenching of the GQD fluorescence can be facilitated 

by the means unrelated to pH change.  
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Figure 30. Fluorescence spectra of Fc-GQD-HA Treatment formulation at varying pH levels. 

Summary 

According to the NIR fluorescence spectra, as well as the indeterminate visible fluorescence 

spectra at varying pH levels, the Fc-GQD-HA treatment formulation does not offer sensing 

capabilities. Sensing is potentially suppressed because the functional groups participating in 

protonation/deprotonation in acidic/basic environments in the GQDs are covalently altered in 

the Fc-GQD-HA treatment formulation upon its formation.   
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Chapter 9- How does developing combined imaging/targeting/treatment formulation 

affect treatment efficacy and targeted accumulation? 

Results and Discussion 

The development of the treatment formulation is intended to enhance both targeting and 

cancer treatment efficacy. In order to evaluate this hypothesis, cytotoxicity assays and 

fluorescence analysis must be conducted. The expectation is to observe preferential toxicity 

to cancer cells over non-cancer cell types, which can be observed through MTT cytotoxicity 

assays. Additionally, the use of the GQD platform in the treatment formulation will be 

evaluated to determine if there is any impact on the treatment formulation. Afterwards, 

fluorescence analysis of the Fc-GQD-HA formulation introduced to both cancer and non-

cancer cell types will be evaluated to quantify the targeting capability of the treatment 

formulation.  

Cytotoxicity 

Yet another important property of the engineered Fc-GQD-HA formulation is the selective 

cytotoxicity to cancer cells due to the generation of reactive oxygen species by ferrocene196. A 

selectivity of reduction-mediated toxic response is warranted by the difference between cancer 

and non-cancer cells, with cancer cells having a more negative, reducing environment due to 

the suppression of oxidative phosphorylation in the mitochondria197, 198. Fc conjugates199-201 

show cancer-specific toxicity with an increase in toxic response toward lower potentials tied 

to generation of reactive oxygen species (ROS) during the reduction cycle of the iron. The 

negative redox potential of iron is directly correlated to its increased cellular toxicity.200The 

Fc-GQD-HA formulation is, therefore, expected to generate more ROS in the reducing 

environment of cancer cells, suggesting that the ferrocene yields a cancer-selective therapeutic 
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effect. Non-cancer cells, on the other hand, are more likely to moderate ROS generation: as 

low levels of ROS are required for cell maintenance and renewal, those are mitigated 

throughout the life cycle165 of the cell by cellular repair mechanisms. As a result, the ROS 

generation is likely to be mitigated in non-cancer cells as opposed to tumor-derived cells, 

which, together with HA targeting, is expected to generate cancer cell-specific therapeutic 

effect with little toxicity to normal cells. Cytotoxic anticancer effects of the Fc-GQD-HA 

formulation are therefore explored in vitro.  

GQDs exhibit no substantial cytotoxic response on their own159 at concentrations up to 

1 mg/mL, suggesting that as a platform for the formulation they are not expected to affect 

therapeutic efficacy. The joint Fc-GQD-HA formulation, however (Figure 33a), exhibits a 

higher cytotoxic response in HeLa cells over the HEK 293 (Figure 33a) suggesting selective 

toxicity to cancer cells with up to 20% lower cancer cell viability. Comparison of the half 

maximum effective concentration (EC50) values, shows that the Fc-GQD-HA formulation is 

over 2 times more efficacious in HeLa cells (EC50=2.630 mg/mL) as opposed to the HEK-293 

cells (EC50= 6.004 mg/mL) showing substantial redox selectivity. The ferrocene therapeutic 

when tested alone, however, shows the half maximum effective concentration in breast cancer 

MCF-7 cells (EC50=0.89 mM) to be nearly 4 times lower than in HEK-293 cells (EC50= 

3.33mM) (Figure 31).  
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Figure 31. Cytotoxicity of ferrocene in MCF7 cells and HEK-293 cells. 

The lower EC50 value of independent ferrocene indicates a stronger effect of the drug alone in 

part due to the encapsulation with the GQD-FC-HA platform as well as potential electron 

transfer to from/to the GQDs. However, it is most important to note that the toxicity of the Fc-

GQD-HA formulation in non-cancer cells is substantially masked by the GQD platform having 

twice the EC50 of ferrocene in non-cancer cells. This gives promise to alleviating toxic effects 

of Fc therapeutics202 in non-cancer cells.   

Comparing the GQD emission intensities in cancer (HeLa) cells overexpressing CD44 

receptor with those in HEK-293 cells that do not overexpress it shows a drastically (by over a 

factor of 6) enhanced accumulation in cancer cells (Figure 35) observable even from individual 

cell images (Figure 28). Such substantial enhancement in internalization indicates successful 

targeting capability with the HA functional group of the hybrid. The internalization pathways, 

due to targeting expected to be at least partly receptor-mediated203, lead to the further 

colocalization of the GQD emission with cell compartments. A colocalization study between 
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GQD emission in green, blue nuclear DAPI staining and cytoplasmic lysosomal lysotracker 

red performed via confocal microscopy locates  Fc-GQD-HAs primarily in the cytoplasm 

(although with a lesser degree of lysosomal accumulation as compared to pristine GQDs159), 

and minimally in the nucleus (Figure 32). This altogether indicates the successful intracellular 

targeted delivery of the Fc redox agent by GQDs-HA allowing for its cancer-selective 

therapeutic effect. 

 

 

 

 

 

 

 

 

 

Figure 32. Fluorescence colocalization images of HeLa and HEK-293 cells stained with 

DAPI (blue), Lysotracker Red (Red) and introduced to Fc-GQD-HAs (green) for 12 h. 
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Figure 33. (a) MTT assay for the cytotoxicity of Fc-GQD-HA formulation at varying 

concentrations in HeLa (red) and HEK-293 (blue) cells. (b) MTT cell viability assay over a 

prolonged timeline. Fc-GQD-HA formulation in HEK-293 cells (red) and HeLa cells (yellow) 

compared to Fc-HA in HEK-293 cells (green) and HeLa cells (blue). Introduced at a 

concentration of 1 mg/mL.  

While inducing toxic response in cancer cells, the synthesized formulation still exhibits 

substantial biocompatibility in the non-cancer (Figure 33), at high concentrations of 2 mg/mL 

yielding over 80% cell viability. Such cancer-selective treatment is highly desirable, although 

the difference between 80 and 60% cell viability for non-cancer and cancer cells at the 24h 

MTT time point is not substantial enough to claim highly effective cancer selective therapy. 

However, when evaluated at later time points, even the fully non-toxic 1 mg/mL concentrations 

of Fc-GQD-HA show substantial anti-cancer efficacy (Figure 33b) while not having any 

negative effects on the non-cancer cells. Increase in cell viability over 100% for the 

formulation in HEK-293 cells is similar to that observed for pure N-GQDs159 and is attributed 
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to their potential degradation by the cells into smaller consumable glucose-based structures. 

At the same time and concentration conditions, HA-Ferrocene conjugates (without the 

quantum dot delivery vehicle), (Figure 33b) show no selectivity indicating that GQD delivery 

does not only allow for tracking but may also aids the ROS generation in cancer cells via the 

electron-rich GQD platform and/or enhanced internalization in targeted cancer cells. 

According to the T-test with 95% confidence, the Fc-GQD-HA formulation produces 

statistically significant effect in cancer versus non-cancer cells, while this difference for HA-

Fc introduced to the same cells was not statistically significant. This indicates that GQDs help 

enable the specificity of the treatment. 

 The observed cancer-selective response can be attributed both to targeting and to redox 

effect of Fc therapeutic. In order to assess the ROS generation204 contribution to the enhanced 

anticancer efficacy we evaluate this capability of the Fc-GQD-HA hybrid over the drug alone 

via the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay. In this evaluation of the 

direct expected therapeutic effect, the Fc-GQD-HA formulation shows nearly a 3-fold increase 

in ROS at non-toxic to the non-cancer cells 1 mg/mL concentrations as compared to the same 

amounts of Fc-COOH (derived from the atomic percentage of the iron in the Fc-GQD-HA 

formulation given by the EDX) (Figure 34). This increase in the ROS contributes to the 

cytotoxic response observed in vitro, and, therefore, shows the Fc-GQD-HA formulation to be 

a more effective than its therapeutic constituents.  It also resolves the drawbacks of Fc-based 

therapeutics205-207 that do not offer high cancer selectivity being thus restricted by the non-

specific toxicity. Additionally, as mentioned above GQDs having an electron-rich platform 

may positively contribute to the therapeutic redox effect of the formulation208. 
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Figure 34. DCFH-DA assay of Fc-GQD-HA formulation (grey) as compared to ferrocene 

(orange) and N-GQDs (blue) in HeLa cells. 

 To analyze the impact of targeting, Fc-GQD-HA formulation was introduced into both 

HEK-293 and HeLa cell lines for treatment times ranging from 1 hour to 48 hours (Figure 35).  
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Figure 35. Cell internalization/excretion timeline assessed through the normalized 

intracellular Fc-GQD-HA emission intensity per unit area in HeLa (blue) and HEK-293 

(orange) cells at different time points. Error bars for some points are within their size.  

Here, it is clear that the fluorescence intensity is relatively consistent and extremely low at all 

time points in non-cancer HEK-293 cells. The peak in fluorescence intensity, and therefore 

cellular internalization, occurs at 12 hours in HeLa cells, which maintains the trends 

observed in both independent N-GQDs as well as imaging observations of the Fc-GQD-HA 

treatment formulation. This specifically highlights how targeting with HA provides 

advantageous accumulation in cancer cells and that the treatment formulation is successful in 

targeting. 

Summary 

Fc-GQD-HA treatment formulation, which combines imaging, targeting and treatment 

modalities, facilitates an enhancement to the redox treatment efficacy as compared to Fc 

therapeutic alone. MTT cytotoxicity analysis of the treatment formulation in both cancer versus 
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non-cancer cell types show a higher cytotoxic effect within cancer cells. The addition of the 

N-GQD platform to the treatment formulation also appears to positively impact the treatment 

efficacy potentially through improved delivery. Finally, the use of HA as the targeting agent 

increases the accumulation of the treatment formulation within cancerous HeLa cells, while 

minimizing the accumulation in non-cancerous HEK-293 cells. This suggests the improvement 

of the targeting and treatment capabilities as compared to the Fc treatment agent as was 

predicted for this targeted GQD-delivered therapeutic formulation.  
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Chapter 10 Conclusions 

 

In this work we have tested a novel nanomaterial, glucose-based graphene quantum dots, as a 

multifunctional platform for imaging, sensing and intracellular transport. Doped GQDs 

provide unique capabilities advantageous to a number of their counterparts including 

multicolor visible/near-IR fluorescence imaging, efficient internalization, and cancer 

detection. They are synthesized via 1-step scalable hydrothermal route and show high 

biocompatibility, small 3-5 nm sizes suitable for cell internalization, and apparent 

biodegradability after 36h in cell culture. Toxicity analyses indicate that high concentrations 

of up to 1 mg/mL of N-GQDs and NS-GQDs are essentially non-toxic to the cells, while BN-

GQDs offer some cytotoxic response and should be restricted to lower concentrations of ~0.1 

mg/mL. GQDs internalize with maximum intracellular fluorescence occurring at 12 hours and 

further potential excretion and/or degradation post 24 hours which lowers the risk of 

accumulation-derived toxicity. Additionally, all N-GQDs, NS-GQDs and BN-GQDS 

successfully exhibit in vitro fluorescence imaging in the visible and near-IR leading to versatile 

multicolor tracking in cells as well as near-IR in vivo imaging capabilities. In order to improve 

the modality of GQDs as NIR absorbers for photothermal therapy, further incorporation of 

metal dopants209 or GQD structure alteration through additional oxidation, breaking the 

graphitic platform into smaller islands, could be beneficial. pH-dependence of GQD 

fluorescence spectral signatures allows for the deterministic ratiometric detection of cancerous 

(HeLa and MCF-7 cell) versus healthy (HEK-293 cell) environments with substantial 

differences between green/blue emission ratios of 1.6 to 8 in cancer versus healthy cells. This 

spectral technique, less prone to quenching discrepancies, provides a useful tool for 
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microscopic pH-sensing. GQDs developed and tested in this work, therefore, facilitate a novel 

single approach to critical biomedical needs of imaging in cells and tissues, sensing, and 

therapeutic delivery. Affordable and scalable in production, GQDs provide a fully 

multifunctional biocompatible and biodegradable platform for intracellular transport, 

multicolor imaging suggesting both in vitro and in vivo capabilities as well as pH-based 

detection of cancerous environments. Utilizing this platform, we have effectively synthesized 

a novel multifunctional Fc-GQD-HA formulation for image-tracked targeted cancer-selective 

therapeutics. Nitrogen-doped graphene quantum dots offer the most advantageous capabilities 

as the delivery platform including visible fluorescence imaging, effective cellular 

internalization, and, essentially, no added toxicity, furthermore, masking the toxic effects of 

the drug in non-cancer cells. Hyaluronic acid and ferrocene were attached to the N-GQDs 

covalently in a procedure akin to peptide synthesis. TEM images of the Fc-GQD-HA 

formulation confirm the crystallinity of the product, while EDX mapping indicates successful 

incorporation of the Fc ROS-generating unit. The effective internalization of the Fc-GQD-HA 

formulation in cancer cells traced by its intracellular fluorescence is maximized at 12 hours 

with further potential excretion. The intracellular delivery of the therapeutic imaged via 

confocal microscopy mapping GQD accumulation throughout the cell via their intrinsic 

fluorescence shows mainly accumulation in the cytoplasm. The substantially increased 

fluorescence from HA-targeted HeLa cancer cells over the non-targeted HEK 293 cells verifies 

the successful targeting of the CD44 receptors by the HA addend of the formulation. The 

enhanced efficacy of the Fc-GQD-HA formulation is assessed via 3 methods: MTT 

cytotoxicity assay, time-dependent cell viability study (both in non-cancer and cancer cells), 

and DCFH-DA assay for ROS generation in cancer cells evaluating the direct ROS generation 
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efficacy of the hybrid over the drug alone. These assays indicate an enhanced therapeutic effect 

of Fc-GQD-HA formulation in cancer cells with complete cancer selectivity over time together 

with 3-fold increase in ROS generation over the drug/targeting agent combination.  This work 

aims to address the needs of cancer therapeutics for a multimodal treatment with minimal off-

site accumulation and non-specific toxicity verifies that the pre-engineered essential 

capabilities of the synthesized Fc-GQD-HA formulation enable such potential. This 

therapeutic formulation is further expected to facilitate image-guided cancer-selective targeted 

treatment essential for the advancement of cancer nanotherapeutics and help to ultimately 

enhance the therapeutics and diagnostics of cancer. 

Questions Answered 

1. Are graphene quantum dots suitable for biomedical applications? 

Graphene quantum dots have shown that they can be used for biomedical applications. 

GQDs are very small (3-5 nm) allowing for effective cellular internalization and are 

non-toxic at high concentrations of over 1 mg/mL. Additionally, GQDs show 

degradation in cell culture after 36h which is beneficial as they are not expected to 

accumulate in the body for a long time constantly adding to the toxicity profile. This 

complements the biocompatibility of GQDs suggesting that they can be effectively 

used for biomedical applications. GQDs can be also scalably produced via green 

synthetic methods at low cost, which is uncommon for modern drug delivery and 

imaging agents. 

2. Can these nanomaterials be used for imaging and delivery? 

Graphene quantum dots can be imaged in both visible and near-IR, with emission well 

above autofluorescence levels at non-toxic concentrations. In vitro imaging studies 
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show that the doped nanomaterials are successfully internalized into cells with peak 

treatment times of 12 hours, with successive potential excretion. Lastly, N-GQDs and 

NS-GQDs appeared to localize primarily with the lysosomes and some in the nucleus 

as assessed during the colocalization study. This suggests potential cellular entry 

through endocytosis. As a result, we infer that GQDs can be used for image-guided 

delivery with tracking in the visible and in the near-IR, suggesting their further 

potential for low depth in vivo or ex vivo imaging. 

3. Do they offer sensing capabilities? 

The spectra for NS-GQDs and N-GQDs suggest that they can be used to sense a 

difference in pH between acidic cancerous and regular healthy environments. BN-

GQDs do not show the same result, and therefore cannot be used as a sensing agent. 

When introduced to cancer versus healthy cell cultures, NS-GQDs and N-GQDs show 

a significant difference in their green to blue emission ratios associated with the acidity 

of the environment. This way they allow to distinguish between acidic and regular 

environments in cancer and healthy extracellular regions.  Therefore, it is concluded 

that GQDs in general do offer sensing capabilities for biomedical applications.   

4. Can these nanomaterials be used to create a targeted cancer treatment formulation? 

As the structure of the N-GQDs is generally maintained during the synthesis process 

of the targeted treatment formulation, they can be successfully used as the platform for 

such formulation. A targeting moiety (hyaluronic acid) and a redox treatment agent 

(ferrocene) are attached to the N-GQDs covalently in a 3-step procedure similar to 

peptide synthesis. TEM images of the Fc-GQD-HA formulation confirm the 

crystallinity of the product, while EDX mapping indicates successful incorporation of 
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the Fc ROS-generating unit. FTIR suggests the successful attachment of the HA via the 

appearance of the minor amide feature. 

5. Is the targeted cancer treatment formulation suitable for biomedical applications? 

Nitrogen-doped graphene quantum dots offer advantageous capabilities as the delivery 

platform including visible fluorescence imaging, effective cellular internalization, and, 

essentially, no added toxicity, furthermore, masking the toxic effects of the drug in non-

cancer cells.  

6. Can the targeted cancer treatment formulation be used for imaging and delivery? 

The Fc-GQD-HA formulation can be used for imaging and delivery as it is successfully 

internalized within HeLa cells with intracellular fluorescence maximized at 12 hours, 

followed by potential excretion. The intracellular delivery of the therapeutic imaged 

via confocal microscopy mapping GQD accumulation throughout the cell via their 

intrinsic fluorescence shows mainly accumulation in the cytoplasm. 

7. Does the targeted cancer treatment formulation offer sensing capabilities? 

Due to the indistinct fluorescence signal difference at varying pH levels, the Fc-GQD-

HA treatment formulation does not offer sensing capabilities.  

8. How does developing combined imaging/targeting/treatment formulation affect 

treatment efficacy and targeted accumulation? 

The development of the Fc-GQD-HA treatment formulation, which combines the 

imaging, targeting, and treatment functionalities, improves the treatment efficacy for 

cancer versus healthy cells and targeted accumulation within cancer cell types over the 

noncancerous ones. 
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Future Works 

Our next step is to show that GQDs may not only improve the therapeutic efficacy of affect 

redox drugs but can also do so for conventional cancer therapeutics. We will non-covalently 

combine our tested GQD delivery agents with a variety of currently used anticancer drugs, 

including doxorubicin, gemcitabine, paclitaxel210, 211 expecting improvement in their efficacy 

and decrease of their toxic profile, and then test the efficacy of such drug delivery in vitro. 

Upon non-covalent attachment of cancer therapeutics, we will repeat previous steps to assess 

how different cell types react to the different formulations. We are also currently studying the 

effect of using combinations of drugs delivered concomitantly by the nanocarriers as those are 

known to produce significantly improved anticancer effect 212, 213, 214. Thus, we will assess the 

efficacy of the aforementioned common therapies when delivered by nanomaterials alone and 

in combination. Upon the analysis, the most effective formulations will be selected for the use 

in animal studies.  

Prior to further animal work we would need to verify the capability of cancer detection 

via multiple GQD platform-based treatment formulations via their NIR emission that has a 

potential to be used in vivo due to its higher tissue penetration depth. It is critical to further test 

the functionality of the treatment formulation in vivo, as this is where current nanoparticles 

often fall short of revolutionizing treatment plans. We will first conduct a toxicity study with 

our formulations with less expensive BL-6 mice testing the maximum dose to be administered. 

Further we will treat tumor-bearing mice with subcutaneous tumors. The study will test the 

following groups for each formulation: non-treatment control, therapeutic alone, nanomaterial 

vehicle control, and the combinations of these, referred to as the treatment formulation. The 

efficacy of the formulation will be assessed via measuring tumor volume with a caliper. 
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Finally, we will test the organ tissues in a biodistribution study with BL-6 mice imaging the 

presence of the therapeutic formulation and assessing its sensing capabilities and its efficacy 

in organs including liver, spleen, kidneys and tumor via NIR intrinsic fluorescence of the 

nanomaterials. On the basis of tumor volume analyses, we will select the most efficacious 

formulation. 

 An in vivo study provides more information as to how the formulation would hold up 

as a treatment formulation for human patients. Successful results, analyzed using the methods 

and assessments listed above, could improve cancer treatment and diagnostics, as well as 

improving the efficacy of treatment of a number of diseases/conditions with a variety of 

payloads delivered via an innovative multifunctional nanomaterials-based approach.  
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 The objective of this research is to develop, optimize and test graphene quantum dots 

(GQDs) as imaging, sensing, and drug delivery platform.  GQDs possess properties beneficial 

for molecular drug delivery/imaging/sensing applications. GQDs exhibit pH-dependent 

fluorescence in the visible, is water soluble and has a substantial platform for functionalization 

with multiple therapeutics. GQDs are beneficial for their biocompatibility, small size (< 5 nm), 

ease in synthesis, and high yield fluorescence in the visible and near-infrared. We explore the 

imaging and sensing capabilities of GQDs in vitro via their intrinsic fluorescence, pH-

dependence of their emission for detection of acidic cancerous environments, and capabilities 

for in vitro transport of therapeutics. As a result, we expect GQDs to be successful multi-

functional agents for imaging, sensing, and drug delivery advancing scientific approach to 

cancer treatment and therapeutics. This work then develops a new multifunctional 

biocompatible anticancer nanoformulation to provide targeted image-guided cancer-selective 

therapeutics. It consists of three active covalently bound components: (1) biocompatible 

nitrogen-doped graphene quantum dots (GQDs) as a multifunctional delivery and imaging 

platform, (2) hyaluronic acid (HA) unit targeted to the CD44 receptors on a variety of cancer 

cells, and (3) oxidative stress-based cancer-selective ferrocene (Fc) therapeutic. The 



 
 

biocompatible GQD platform synthesized from glucosamine exhibits high-yield intrinsic 

fluorescence. It is utilized for tracking Fc-GQD-HA formulation in vitro indicating 

internalization enhancement in HeLa cells targeted by the HA over non-cancer HEK-293 cells 

not overexpressing CD44 receptor. Fc-GQD-HA, non-toxic at 1 mg/mL to HEK-293 cells, 

induces cytotoxic response in HeLa enhanced over time, while therapeutic ROS generation by 

Fc-GQD-HA is ~3 times greater than that of Fc alone. This outlines the targeted delivery, 

imaging, and cancer-specific treatment capabilities of the new Fc-GQD-HA formulation 

enabling desired cancer-focused nanotherapeutic approach.   

 

 


