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1. Introduction 

1.1. Motivation 

In the past decade, graphene quantum dots (GQDs), have emerged as a promising 

carrier for gene delivery with imaging capabilities in cancer therapeutics [1, 2]. GQDs are zero-

dimensional nanostructures, consisting of few layers of graphene sheets with lateral 

dimensions generally below 20 nm. Due to the presence of a carbon lattice and, often, oxygen 

functional groups, GQDs have the capability to bind a variety of molecules through π-π 

stacking or electrostatic interactions. GQDs exhibit minimal toxicity in vitro and in vivo due 

to their smaller size and rapid excretion [3]. These properties render GQDs ideal candidates 

for the delivery of different therapeutic platforms. In addition to being a delivery agent, GQDs 

can also be utilized for imaging and biosensing. They are photostable and exhibit intrinsic 

fluorescence in the visible (VIS) and near-infrared (NIR), which can serve as a non-invasive 

detection and tracking mechanism [4, 5]. Several GQD-based optical sensors have recently 

been developed for the detection of RNA [6], ssDNA [7], miRNA [8], proteins [9], and small 

molecules [10, 11]. These advantageous properties of GQDs have not been fully utilized to 

date for small interfering RNA (siRNA) delivery, specifically those targeting Epidermal 

growth factor receptor (EGFR) and Kirsten rat sarcoma virus (KRAS), that can perform well 

against a variety of cancer types. This study aims to fill this gap by exploring the properties of 

GQDs, doped with nitrogen and neodymium, as standalone multifunctional agents for siRNA 

delivery with imaging capabilities in VIS/NIR spectral regions. 
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1.2. Questions to be answered 

 

i. Are GQDs suitable for siRNA delivery with imaging capabilities? 

Here, we will study the properties of nitrogen- and neodymium-doped GQDs via structural and 

morphological characterization. We also employ absorption, fluorescence, and zeta-potential 

measurements. We will determine if GQDs can load siRNA non-covalently and perform a cell 

viability assay of GQD/siRNA complexes. This will indicate if the GQDs can be potentially 

utilized as a delivery agent with imaging capabilities and will be covered in chapters 3.1-3.4. 

ii. Can GQD/siRNA complexes be used for imaging in vitro? 

This question requires us to determine the optimal time in which Nd-NGQDs are internalized 

in cells. We will also evaluate the ability of the GQD/siRNA complex to be internalized and 

imaged in Hela cells. This will be done by using visible and near-infrared fluorescence 

properties of Nd-NGQDs, as well as siRNA tagged with carboxy-X-rhodamine (ROX) dye. 

This analysis will be discussed in chapters 3.5-3.6. 

iii. Does the GQD/siRNA complexes lead to cancer gene silencing? 

At this point of the study, we will be looking to see if the GQD/siRNA complex lead to gene 

silencing and protein knockdown in Hela cells. This step will be accomplished through western 

blot assay. We will determine if the GQDs can be used as a siRNA delivery vehicle in chapter 

3.7. 

1.3. Significance and innovation 

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

cancer caused by oncogenes and facilitate a safer and more effective genetic approach to cancer 
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therapeutics. The innovation of this work is two-fold. It involves  new approaches: we utilize 

a novel gene silencing therapy that specifically suppresses oncogene expression in cancer cells, 

and new materials with imaging capabilities that efficiently deliver treatment and track it in 

vitro. The aforementioned experimental goals will be accomplished by developing nitrogen- 

and neodymium-doped graphene quantum dots that have: (1) capabilities for gene loading, (2) 

high biocompatibility, (3) photostability, (4) fluorescence in the visible (at 530 nm) with 460 

nm excitation and (5) fluorescence in the NIR (at 1060 nm) with NIR excitation (808 nm).  
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1.3. Background Study 

1.3.1. Cancer 

 

 Cancer is a disease characterized by uncontrolled cell growth. These cells may form 

tumors that can be cancerous [12]. Cancerous malignant tumors can spread to the different 

parts of the body via metastases and invade a variety of tissues to form new tumors. Cancer is 

a genetic disease that arises as a consequence of pathological changes in DNA due to (1) errors 

that occur as cells divide [13], (2) mutations due to carcinogens, such as tobacco [14], 

ultraviolet rays from the sun [15], and viruses, for example, human papillomavirus [16], or (3) 

inherited mutation errors in genes. Cancer cells, unlike normal cells, do not have a dependence 

on signals from other cells, responsible for their growth and division. They proliferate 

abnormally and survive high levels of stress compared to normal cells that would destroy 

themselves by apoptosis [17]. Generally, there are two main classes of mutant genes: 

oncogenes and tumor suppressor genes [12]. Oncogene has a dominant effect and makes the 

encoded protein hyperactive resulting in increased proliferation of cancerous cells. The tumor 

suppressor gene has an opposite origin, it inactivates the healthy cell activity. Both mutations 

are dangerous and lead to excessive cell survival and/or proliferation. While epigenetic 

changes do not affect the DNA of cells, they alter gene expression by changing how a cell 

reads a DNA sequence. Overall, understanding the alteration in cell behavior helps scientists 

to develop treatments for different types of cancer diseases. 

 In the past, there were only a few options for cancer treatment including surgery, 

radiation therapy, and chemotherapy [18, 19]. It was shown that surgery is most efficient only 

at an early stage of cancer, radiation damages both cancerous and non-cancerous cells, 

chemotherapy displays diminishing effectiveness as drug resistance develops, and does not 
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work for all types of cancer [20].  Thus, such conventional cancer therapies are limited by their 

inconvenience for patients, lack of specificity, and harmful side effects. Recently, a big 

emphasis has been put on novel modalities and approaches combined with conventional 

treatments [21-23]. Novel cancer treatments have been developed and are still under 

development, however, gene therapy points to the direction of future clinical products [24]. 

Gene therapy techniques involve the transfer of genetic material into cells in an effort to reverse 

an abnormal condition and treat cancer. This technique acts by replacing a mutated gene with 

a therapeutic gene, deactivating problem genes, causing gene knockdown, and introducing a 

new gene [24]. Gene therapy techniques include cancer vaccines [25], targeted therapy, for 

example, immunotherapy [26, 27], RNA interference (RNAi) [28], and CRISPR-Cas9 

technologies [29].  

 Naked genetic materials are usually difficult to deliver due to rapid clearance and 

degradation by enzymes [30]. Numerous gene delivery systems and gene vectors have been 

developed for making the gene transfer efficient, safe, and specific to the target cells [31]. 

These delivery systems include viral vectors (retrovirus, adenovirus, lentivirus), and non-viral 

vectors (nanoparticles) [32-34]. Nanoparticles have been proven to be the most promising 

platforms for delivering genetic material [35] due to their size, selective gene delivery and 

targeting, and imaging modalities [36]. Unlike viral vectors, nanoparticles are beneficial in 

reducing the toxicities of treatment through selectivity, and reducing adverse effects [37]. 

Several types of nanoparticles are available as gene nanocarriers, including liposomes, 

micelles, metal nanoparticles, quantum dots and nanorods, and graphene quantum dots [38-

40]. Graphene quantum dots (GQDs) recently have attracted growing attention from many 

researchers [1, 2]. They are more biocompatible, compared to quantum dots and nanorods, 
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chemically stable, and exhibit fluorescence in visible and near-infrared spectral regions, unlike 

organic nanoparticles.  

1.3.2. Fluorescence 

 

Fluorescence is an optoelectronic process in which a substance radiates light for a finite 

duration subsequent to the absorption of the excitation photon [41]. In order for that to happen, 

an electron in this substance located in the lower (ground) state is excited by an absorbed 

photon to the higher (excited) state. There it can undergo internal conversion, which is a non-

radiative transition between two electronic states of the same multiplicity, and then falls to the 

lowest excited state. Being at the lowest excited state the electron can be returned to the ground 

state through a radiative transition, accompanied by the emission of a photon.  

Fluorescence is usually characterized by excitation/emission wavelengths, its lifetime 

and quantum yield. Excitation and emission wavelengths determine the energies of the 

absorbed and emitted photon (second being greater than the first). The average time an electron 

spends in the exited state is called the lifetime and can be derived from the following equation: 

𝐼(𝑡) = 𝐼0𝑒−
𝑡

𝜏 where t is time, τ is the excited state lifetime, Io is fluorescence intensity at t = 0 

s. Quantum yield (QY) determines the probability of a photon emission in the electronic 

transition. Quantum yield can be assessed with optical methods either absolutely with an 

integrating sphere gathering all emitted photons, or relatively to a fluorescence standard of 

known fluorescence quantum yield [42] with similar excitation and emission wavelengths. The 

first method can be characterized by the following equation: 𝑄𝑌(%) =  
𝑆2

𝑆0−𝑆1
× 100, where So 

is a spectral area from incident light, S2 is a spectral area emitted from sample, S1 is a spectral 

area scattered from sample. The relative method of determining quantum yield is characterized 
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by the following equation:  𝛷𝑆 = 𝛷𝑅(
𝐼𝑆

𝐼𝑅
)(

1−10−𝐴𝑅

1−10−𝐴𝑆
)(

𝑛𝑆

𝑛𝑅
)2, where S and R denote the sample and 

reference, respectively, ΦR is the known quantum yield of the reference standard, I is the 

integrated fluorescence spectrum intensity, A is the absorbance of the solution at the excitation 

wavelength (λex), and n is the refractive index of the solution solvent. A single molecule may 

absorb and emit light multiple times, however, the excited-state energy is significantly higher 

than ground state energy, which increases the chances of the molecule undergoing irreversible 

photochemical degradation, called photobleaching. This is because fluorophores that are in the 

excited state are more likely to react with other molecules. The photobleaching of organic 

fluorophores are commonly explained by oxygen-dependent and oxygen-independent 

pathways [43]. Both mechanisms involve electronic excitations to triplet states since triplet 

states have longer lifetimes and are more reactive [44]. Molecular fluorophores commonly 

used in biological research, including DAPI, GFP, and indocyanine green, can only emit light 

for a couple of seconds before they photobleach, although the exact timescale depends on the 

excitation light intensity and molecular structure [43]. Utilizing photostable biomarkers not 

prone to photobleaching can aid in longer acquisition bioimaging improving both signal and 

elevating it over biological autofluorescence that also experiences photobleaching. 

1.3.3. Western blot analysis 

 

In order to validate the efficiency of oncogene-targeted cancer therapy it is crucial to 

evaluate its ability to initiate protein knockdown. For this purpose, the western blot technique 

is usually employed (Figure 1) [45]. Western blot is a reliable tool to analyze protein samples 

extracted from cells. Extracted proteins undergo gel electrophoresis and are transferred onto a 

nitrocellulose membrane that has a high affinity for protein. Transferred proteins are probed 
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with a primary antibody, then an enzyme-conjugated secondary antibody is attached to the 

primary one. As an enzyme, horseradish peroxidase (HRP) is commonly used for signal 

generation. Finally, the membrane with primary and secondary antibodies is incubated with 

the appropriate enzyme substrate (for example, 4-Chloro-1-naphthol (4CN)) to produce a 

signal (Figure 2). Here, the oxidation of 4CN is catalyzed by HRP leading to the formation of 

insoluble benzo-4-chlorocyclohexadienone. Since HRP is connected with the secondary 

antibody and protein of interest, respectively, the location and amount of the reaction product 

are correlated with the location and amount of the protein. As a result, the insoluble purple 

product is visible to the naked eye and can be detected with a CCD camera.  

 
Figure 1. Schematic illustration of principle of western blot technique [45]. 

 
Figure 2. Reaction of HRP with 4CN in the presence of H2O2. 
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1.3.4. Graphene quantum dots 

Graphene quantum dots (GQDs) are small fragments of functionalized graphene with 

lateral dimensions generally below 20 nm (Figure 3). They are zero-dimensional (0D) 

structures and a result of the confinement of one-dimensional (1D) graphene nanoribbons [46]. 

GQDs exhibit unique optoelectronic properties that result in their applications ranging from 

optoelectronic devices to biomedical probes [2, 5, 47]. 

 
Figure 3. Molecular visualization of NGQDs geometrically optimized with MMFF94 energy 

minimization calculation 

There are two routes to GQD synthesis, “top-down”, which is based on the 

decomposition of larger graphene-based materials into nanometer-scale GQDs, for example, 

arc-discharge method [46], laser ablation [48], chemical exfoliation and combustion [49, 50]; 

and “bottom-up”, such as microwave synthesis [51, 52], hydrothermal synthesis [53, 54], and 

thermal pyrolysis [55], involving further carbonization of small carbon-containing molecules 

used as precursor materials [56]. Due to the presence of a carbon lattice and, often, oxygen 
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functional groups, GQDs are soluble in water and have the capability to bind a variety of 

molecules through π-π stacking or electrostatic interactions. Oxygen addends also allow for 

covalent functionalization [1]. These properties render GQDs ideal candidates for the delivery 

of different therapeutic platforms. Compared to its relatives, single-walled carbon nanotubes 

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

to their smaller size and rapid excretion [3]. They can successfully deliver several drug and 

gene payloads [57-59]. For instance, the non-covalent transport of doxorubicin by the GQDs 

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

produce the therapeutic effect in HeLa and MCF-7 cells [57]. GQDs, conjugated with plasmid 

DNA and MPG-2H1 chimeric peptide non-covalently facilitate their transfection into HEK-

293 cells enabling gene delivery with nuclear targeting [59].  

GQDs have a structure containing sp2 domains and sp3 hybridized carbon atoms (Figure 

3), and therefore the origin of GQD fluorescence is still debatable. It has been attributed to the 

quantum-confinement effect, defect states, and functional groups [60, 61]. In GQDs functional 

groups disrupt the extended sp2 hybridized carbons and isolate the sp2 domains, thereby 

confining π electrons [62, 63]. This phenomenon gives rise to a finite band gap, and therefore 

fluorescence, generally in the visible spectral region [64]. Moreover, the visible fluorescence 

of GQDs is excitation wavelength dependent: different sizes of sp2 graphitic regions can be 

excited and emit in resonance at different wavelengths. GQDs also demonstrate changes in 

fluorescence depending on the pH of the biological environment of cancerous and non-

cancerous cell lines. Passivated functional groups on the surface of the GQDs affect GQD 

emission due to their protonation/deprotonation [65] and therefore render these nanoparticles 

capable of pH sensing.  
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The typical fluorescence lifetime range of graphene quantum dots is 2-5 ns, which is 

preferable for some optoelectronic and biological applications, including sensing, bioimaging, 

imaging of fingerprints in forensic science [66-69]. In addition, GQDs are resistant to 

photobleaching, unlike common dyes, due to their large aromatic and partially inorganic 

platform [70]. Several GQD-based optical sensors have recently been developed for the 

detection of RNA [6], ssDNA [71], miRNA [8], proteins [9], and small molecules [10, 11]. 

The successful siRNA delivery capability is recently shown by the GQDs synthesized 

bottom-up from glucose and tetraethylene pentaamine. When loaded with green fluorescent 

protein (GFP)-silencing siRNA, these GQDs form a stable complex, inhibiting GFP protein 

expression in HeLa cells [72]. Loaded with both aptamer and siRNA, GQDs can improve the 

efficiency of siRNA internalization into hepatocellular carcinoma cells inhibiting the 

expression of Fragile X mental retardation protein [73]. Similarly to other nanoparticles, when 

conjugated with polyethylenimine (PEI), GQDs exhibit enhanced siRNA loading via the 

electrostatic interaction of the negatively-charged gene with the cationic polymer [74-76]. 

Facile synthesis, the versatility of design and functionalization as well as useful optical 

properties and stability can allow GQDs to address the critical needs in gene delivery and in 

vitro imaging. 

1.4. Overview 

Cancer is a life-threatening disease that affects over one million people yearly in the 

United States alone [77, 78]. Pathological conditions associated with cancer result from the 

accumulation of multiple mutation-associated genetic and epigenetic changes [79]. In 

particular, oncogenes lead to the dysregulation of a variety of proteins in different forms of 
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cancer [80]. For instance, epidermal growth factor receptor (EGFR) and Kirsten rat sarcoma 

virus (KRAS) genes are frequently mutated in non-small lung cancer [81, 82]. Targeting EGFR 

and KRAS might provide an approach to lung cancer treatment as they play a crucial role in 

carcinogenesis causing the sustained proliferation of cells [83, 84]. Although EGFR responds 

well to tyrosine kinase inhibitor (TKI) therapy, drug resistance still remains a major issue [85]. 

According to recent studies, EGFR resistance to TKI therapy can be caused mainly by KRAS 

mutations, as KRAS is a downstream effector in EGFR signaling [86]. At the same time, 

KRAS is resistant to most available therapeutics and is difficult to target, making both EGFR 

and KRAS desired critical targets for cancer gene therapy [82, 87]. 

For the past decade, RNA interference (RNAi)-based therapeutics have attracted 

substantial attention in cancer therapy [88]. One of the major types of RNAi technology 

includes the delivery of small interfering RNA (siRNA), non-coding double-stranded oligos 

roughly 20-24 nucleotides in length. Unlike tyrosine kinase inhibitors that can act on multiple 

targets and might lack specificity [89], siRNA binds to a specific complementary mRNA 

sequence inducing its cleavage (Figure 4) [90].  

 

Figure 4. Schematic illustration of RNAi mechanism. After entering cell siRNA binds to RNA-

induced silencing complex (RISC) where the antisense chain is loaded onto the RISC, and the sense 

chain is discarded. Then mRNA is targeted by the antisense chain and undergoes cutting and 

degradation [91] 
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In short, after entering the cell, double-stranded siRNA is loaded onto the RNA-induced 

silencing complex (RISC). The RISC discards one strand of the siRNA duplex and uses another 

strand to search and destroy complementary mRNA strand. This is a key step in the 

development of most RNAi therapies. Further, degradation of mRNA blocks the expression of 

the proteins, leading to its decrease and eventual knockdown. Thus, the knockdown of EGFR 

and KRAS proteins in cancer cells by RNAi technology will regulate their expression and stop 

carcinogenesis. 

To date, the FDA has already approved four siRNA-based treatments making RNAi 

technology a prospective tool in gene silencing [92]. However, as a therapeutic method, RNAi 

technology is hampered by the inability of siRNA to transfect cells on its own, as well as its 

rapid enzymatic degradation in bodily fluids and tissues [93]. In order to overcome these 

obstacles, both viral and non-viral delivery vehicles have been developed [94]. While being 

highly effective, viral delivery vehicles can provoke a strong immune response, whereas their 

non-viral counterparts are considered more safe and versatile [95, 96]. For example, several 

types of lipid-based nanoparticles have been already FDA-approved for drug delivery [97] and 

demonstrate high transfection efficacy. In order to enable gene therapy to its fullest extent, 

modern nanocarriers have to protect the siRNA from serum nucleases, target the disease site 

to ensure high therapeutic accumulation and effective release, overcome biological barriers 

hampering gene transfection, facilitate endosomal escape, and possess delivery-tracking 

capabilities [98]. In this capacity solid nanoparticles are often more beneficial than their 

organic counterparts such as liposomes due to higher physical stability, versatile surface 

chemistry, tunable optical properties, and their potential for multimodality in delivery, 

targeting and image-based detection [99, 100].  
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Among solid nanoparticles, gold nanostructures have been used for siRNA transport 

due to their high biocompatibility, monodispersity, and ability for surface modification [101]. 

In several recent works gold nanoparticles conjugated with polyethylenimine (PEI) enable high 

gene transfection efficiency [102, 103]. PEI contains amine functional groups that are known 

to increase electrostatic interaction with siRNA and facilitate its internalization through the 

cell membrane as well as the endosomal escape. However, on its own PEI exhibits significant 

cellular toxicity [104] hampering the use of PEI-decorated nanoparticles in the clinic. Thus, 

the non-toxic incorporation of nitrogen groups within the nanomaterial is a highly desired 

option.  

Carbon-based nanomaterials, such as single-walled carbon nanotubes (SWCNTs), can 

also serve as carriers for gene delivery [105, 106]. Due to their physical properties SWCNTs 

are able to enter cells, while their large aromatic platform allows for non-covalent therapeutic 

loading. Additionally, SWCNTs exhibit intrinsic fluorescence in the near-infrared (NIR) 

spectral region providing drug/gene delivery tracking capabilities [107]. Low biological 

autofluorescence, tissue absorption, and scattering in the NIR enhance the applicability of such 

image tracing to in vivo models [108]. SWCNTs can carry siKRAS and siEGFR, and facilitate 

an efficient knockdown of both target proteins in vitro and in vivo [109]. This leads to 

substantial cancer tumor growth rate inhibition, while the intrinsic SWCNT NIR fluorescence 

verifies the delivery of SWCNT/siRNAs complexes in biological cells and tumor tissues. 

SWCNT-based platforms are also explored for siRNA delivery in intact plant cells [110]. With 

topical administration involving some minor leaf puncture SWCNTs non-covalently 

formulated to mGFP5-silencing siRNA facilitate successful knockdown of this reporter gene. 

This indicates that SWCNT-assisted gene delivery is not limited to mammalian targets. 
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Another carbon-based nanomaterial, graphene oxide (GO), can also serve as a 

multifunctional platform for gene delivery, imaging, and cancer sensing [111]. The GO surface 

can be modified with positively-charged moieties in order to ensure siRNA loading [112, 113]. 

For instance, conjugated with cationic material (chitosan) and loaded with siRNA, graphene 

oxide shows down-regulation of the target mRNA and protein level in MCF-7 cells, producing 

a significant antitumor effect in vivo [113]. While all aforementioned nanomaterials can be 

prospective platforms for siRNA delivery, their toxicity at low concentrations, long-term tissue 

accumulation, and complex synthesis [114, 115] can limit them from proceeding to mass 

production and clinical studies. 

As it was shown earlier, another carbon nanomaterial, graphene quantum dots (GQDs), 

has emerged as a promising carrier for gene delivery [1, 2]. It was found that the microwave-

assisted method for GQDs synthesis shortens the time for synthesis and can be used with 

different carbon precursors that enrich GQDs with dopants and expand the functions of GQDs. 

For example, a previous graduate student, currently Dr. Campbell, used a glucosamine-HCL 

solution as a carbon precursor in order to enrich GQDs with amine groups for the facilitation 

of gene transfection [65] making this nitrogen-doped GQDs (NGQDs) a promising vehicle for 

siRNA delivery. In addition to being a delivery agent, GQDs can be also utilized for imaging 

and biosensing. They are photostable and exhibit intrinsic fluorescence in the visible (VIS) and 

NIR, which can serve as a non-invasive detection mechanism [4, 5]. In our previous work, we 

assessed the visible fluorescence quantum yield (QY) of NGQDs by using a relative 

method with the use of Coumarin-153 and Fluorescein as two standard materials with 

excitation and emission wavelengths similar to NGQDs. Both standards show similar results 
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with estimated QY ranging from 50 to 60% for NGQDs [70]. Such high quantum yield can be 

advantageously utilized for in vitro applications. 

Enhancing GQD biocompatibility and image-tracking modalities can facilitate the 

progression of the GQD platform toward in vivo applications. The use of NIR rather than 

visible fluorescence is paramount in deeper-tissue imaging since visible light experiences 

greater tissue scattering and absorbance rather than near-infrared within so-called biological 

windows. These windows represent three distinctive wavelength regions: 700 to 950 nm (NIR-

I), 1000 to 1350 nm (NIR-II), and 1550 to 1870 nm (NIR-III) [116]. While visible fluorescence 

of GQDs mostly arises from the quantum-confinement effect, functional groups and defect 

sites contribute to long-wavelength fluorescence, including near-infrared [70]. However, 

utilization of NIR emission of GQDs is hampered by their low fluorescence quantum yield and 

850 nm emission that is located at the edge of the CCD and InGaAs cameras' detection 

windows [65]. In our previous work, we synthesized GQDs from reduced graphene oxide 

(RGQDs) with a top-down approach [117] that exhibit fluorescence in NIR at the peak of ~950 

nm. Using an absolute method of measuring quantum yield, the QY of RGQDs is measured as 

6.29±0.5% and 1.34±0.15% with 637 nm and 808 nm excitation, respectively. This value is 

higher as compared to other reported quantum dots and SWCNTs [118-120]. Although RGQDs 

are a promising nanocarrier with NIR imaging capabilities, it is likely not suitable for siRNA 

loading as they have a negatively charged surface with a zeta potential of −4.69 ± 0.90 mV. 

In order to modify GQDs’ optical properties toward the desired NIR emission and keep 

GQDs positively charged, doping with rare-earth metal ions can be utilized [121, 122]. Rare-

earth elements constitute a class of lanthanide ions found in the 6th row of the periodic table. 

Due to the incompletely filled 4f shell that is shielded by their outer-shell electrons and whose 
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energy levels undergo splitting mechanisms, lanthanides possess extremely complex optical 

properties [123]. One of these properties is luminescence that for the trivalent lanthanide ions 

(Nd3+, Er3+, Yb3+, and Tm3+) arises from f-f transitions of the 4f shell and f-d transitions in the 

4f-5d shell. The f-f transitions provide the lanthanide elements with rich energy level structures 

in the NIR range [124].  Rare earth-based nanoparticles already showed their high 

photostability, deep tissue penetration [125, 126], and high quantum yields of up to 32% 

depending on the structure [127]. However, the obstacles in core/shell structure synthesis and 

increased size are making it difficult for the nanoparticles to gain entry into biological tissues 

and keeping rare-earth metal-based nanomaterials away from clinical trials.  

Encouraged by the success of coordination chemistry, scientists introduced rare-earth 

metal ions into ligands and developed NIR lanthanide complexes. While the idea of using 

coordination chemistry is remarkable, these complexes are still far away from use in clinics 

due to their complex and not cost-effective synthesis, toxicity, and poor solubility in water 

[122]. Given the successful prior development of biocompatible and water soluble nitrogen-

doped graphene quantum dots, we utilize doping with neodymium ions to modify their imaging 

properties toward the desired NIR-II biological window (Figure 5). In fact, the NIR 

fluorescence arising from Nd dopants in Nd-NGQDs can be successfully utilized for in vivo 

animal imaging of live mice without their dissection. 

Therefore, nitrogen-containing and neodymium-doped graphene quantum dots 

(NGQDs and Nd-NGQDs, respectively) possess desired capabilities of cost-effective 

synthesis, gene loading, and imaging in visible, as well as near-infrared spectral regions [65, 

121]. They are biocompatible at high concentrations and exhibit fluorescence in visible and 

near-infrared spectrum regions. NGQDs having nitrogen functional groups on their surface 
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show the capacity for non-covalent gene attachment forming stable complexes with adsorbed 

ssDNA [8]. These properties suggest that NGQDs and Nd-doped NGQDs can serve as 

perspective platforms for image-guided siRNA delivery. 

To test this, we have for the first time utilized biocompatible NGQDs and Nd-NGQDs 

for the delivery and imaging of KRAS and EGFR siRNAs in HeLa cells. Unlike previously 

developed platforms for siRNA delivery, NGQDs and Nd-NGQDs are synthesized by a one-

step microwave-assisted hydrothermal method that does not contain any substantially toxic 

precursors, thereby rendering these GQDs biocompatible and simple in production. Moreover, 

NIR fluorescent GQDs that can offer the advantage of ex vivo and in vivo tracking have not 

been previously utilized for gene delivery or imaging. This work, therefore, explores unique 

anticancer therapeutic siRNA delivery platforms that possess a promising potential for 

translating siRNA technology into clinics. 

 

Figure 5. 808 nm excited Nd3+ system, and the corresponding mechanisms for NIR emission [128]. 
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2. Experimental Methods and Equipment 

2.1. Synthesis of NGQDs and Nd-NGQDs 

In order to produce nitrogen-doped graphene quantum dots (NGQDs) and neodymium-

doped graphene quantum dots (Nd-NGQDs), 4 g of glucosamine hydrochloride (104K0082, 

Signa-Aldrich) was dispersed in 250 mL of deionized (DI) water. For Nd-NGQDs (Figure 6), 

0.008 M aqueous solution of Nd(NO3)3⋅6H2O (MKCH8576, Sigma-Aldrich) was added. The 

mixture was microwaved in the HB-P90D23AP-ST Hamilton Beach microwave oven for 60 

min at a 1350 W power level. After the synthesis, samples were cooled down and transferred 

to a 1 kDa molecular weight cutoff dialysis bag for 24 h dialysis against DI water to remove 

unreacted material. DI water was changed every 30 min for the first 3 h, and every 7 h for the 

next 21 h. Then, all the samples were sterilized using a 0.22 µm syringe filter. The dialyzed 

and sterilized products were further used in the aqueous suspension form.   

   

 

Figure 6. The schematic of Nd-NGQDs synthesis. 
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2.2. Complexation of NGQDs and Nd-NGQDs with siRNAs 

To load siKRAS and siEGFR (Nitto Avecia) onto both types of GQDs, 750 µg of GQDs 

in aqueous suspension were mixed with 0.5, 1, 5, 10, and 15 µL of siKRAS or siEGFR stock 

solution (1 nmol/µL in DEPC treated water) and incubated for 10 min at room temperature to 

produce GQD/siRNA complexes at 1:0.01, 1:0.02, 1:0.1, 1:0.2 and 1:0.3 weight ratios.  

2.3. Structural Characterization  

Confirmation of the size distribution of NGQDs, Nd-NGQDs and NGQD/siEGFR 

complex and chemical composition of Nd-NGQDs was performed by HRTEM (high-

resolution transmission electron microscopy, JEOL JEM-2100) with energy dispersive X-ray 

analysis (EDS, JEOL, Peabody, MA, USA). The samples were air-dried on the carbon-coated 

200-mesh copper grid. To assess the functional groups of NGQDs and Nd-NGQDs, the 

samples were analyzed via the ATR mode of the Thermo Nicolet Nexus 670 FTIR after freeze-

drying in the Labconco FreeZone 4.5 freeze-dryer. 

The structure of the NGQD/siEGFR complexes was investigated by the energy 

minimization method through the auto-optimization tools within Avogadro software [129]. 

Merck Molecular Force Field 94 (MMFF94) [130] was chosen as it is best utilized with organic 

materials such as NGQDs and siRNA. Moreover, the steepest descent optimization algorithm 

was used with an energy convergence of 10-6 units at a 2500-step limit to provide the best 

structural assessment. The center flake of the multi-layer NGQDs was built in accordance with 

previous theoretical modeling of the NGQD structures based on percentages of oxygen and 

nitrogen-containing functional groups [70]. Other GQD planes were derived from the central 

and separately optimized before going through a final geometrical optimization with the 
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siRNA. The exact siEGFR sequence used for fluorescence imaging in this work is presented 

in the model. 

2.4. Optical Characterization 

The absorbance of NGQDs and Nd-NGQDs was measured within the range of 200–

1000 nm with Agilent Technologies (Cary 60 UV–vis) absorption spectrometer. 

Photoluminescence spectra of NGQDs and Nd-NGQDs in the visible and NIR regions were 

measured utilizing Horiba Scientific SPEX NanoLog. Fluorescence microscopy measurements 

were performed using an Olympus IX73 fluorescence microscope with a 60× (IR-corrected 

Olympus Plan Apo) water immersion objective and 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 (480 ± 20 nm excitation and 535 ± 20 nm 

emission filters) and ROX (540 ± 20 nm excitation and 605 nm emission filters) emission 

spectra. The fluorescence microscope is coupled to the NIR InGaAs Photon etc. (ZephIR 1.7) 

detector through the hyperspectral fluorescence imager (Photon etc.), enabling spectrally 

resolved imaging in the near-infrared region (850–1600 nm).  

2.5. Electrokinetic Characterization 

In order to estimate the electrophoretic properties of the GQD/siRNA complex and find 

the best complexation ratio between GQDs and siRNA, gel retardation assay was used. siEGFR 

and siKRAS were mixed with NGQDs and Nd-NGQDs water suspensions at various weight 

ratios, maintaining the concentration of siEGFR and siKRAS constant. The resulting samples 

were incubated for 10 mins, mixed with 1X BlueJuice™ DNA loading buffer (10816015, 
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Invitrogen), loaded onto 1.75% (w/v) agarose gel, and run in Tris-Borate-EDTA (TBE) buffer 

at 80 V for 45 min. After electrophoresis, gels were stained in 0.5 µg/mL ethidium bromide 

solution (20F1056078, Invitrogen) in TBE buffer for 20 minutes on an orbital shaker. To 

reduce the background signal, the agarose gel was destained in TBE buffer for 5 minutes on 

an orbital shaker after which all the gels were imaged using FastGene® FAS-V Imaging 

System. In order to evaluate the net charge of GQDs and their complexes with siRNA Zeta 

potential of GQDS and NGQD/siEGFR, NGQD/siKRAS, Nd-NGQD/siEGFR and Nd-

NGQD/siKRAS complexes at 1:0.01 w/w ratios were measured using NanoBrook ZetaPALS 

instrument. 

2.6. Cell studies 

 

The HeLa cells were cultured in Dulbecco’s modified Eagle medium (D6046, Sigma-

Aldrich), 10% fetal bovine serum (16140-063, Gibco) with the addition of 1% l-glutamine 

(G7513, Sigma-Aldrich), minimum essential medium (MEM) non-essential amino acid 

solution (M7145, Sigma-Aldrich) and penicillin/streptomycin (P4333, Sigma-Aldrich). The 

cell culture was kept in an incubator with 5% CO2 at 37°C and used for the cell viability assay, 

cell internalization microscopy study, and western blot analysis.  

 Biocompatibility of GQDs was established by performing a cell viability assay. HeLa 

cells were plated at 5 x 103 cells per well in a 96-well plate and allowed to attach overnight. 

The cells were further treated with NGQD/siEGFR, NGQD/siKRAS, Nd-NGQD/siEGFR or 

Nd-NGQD/siKRAS at the weight ratio of 1:0.01 with different concentrations of NGQDs and 

Nd-NGQDs. After 48 h incubation, the medium was replaced by 100 μL of 1 mg/mL 3-(4-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). After 4 h of further 
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incubation, MTT was replaced with 100 μL of dimethyl sulfoxide (DMSO) to dissolve blue 

formazan formed in the metabolically active cells. The characteristic formazan absorbance was 

measured on a microplate reader (FLUOstar Omega) at 580 nm and considered proportional 

to the number of alive cells. 

 Cell internalization microscopy experiment assesses the internalization of 

NGQD/siRNA or Nd-NGQD/siRNA hybrids at 375 μg/mL GQD concentrations and 1:0.01 

weight ratios with carboxy-X-rhodamine (ROX)-tagged siEGFR (5’-

GUCGCUAUCAAGGAAUUAAdTdT-3’) and siKRAS (5’-

CGAAUAUGAUCCAACAAUAdTdT-3’) genes. HeLa cells were seeded at 1 x 104 cells onto 

a glass coverslip placed in a 6-well plate overnight. The cells were treated with 

NGQD/siEGFR-ROX, NGQD/siKRAS-ROX, Nd-NGQD/siEGFR-ROX or Nd-

NGQD/siKRAS-ROX for 12 h. The coverslips with cells were further washed with 1X 

phosphate-buffered saline (PBS) to remove GQD/siRNA complexes that did not internalize. 

Cells were fixed with 4% formaldehyde solution (28908, Thermo Scientific) and 1× 

Fluoromount-GTM mounting medium (00-4958-02, Invitrogen), and sealed onto microscope 

slides for imaging with Olympus IX73 fluorescence microscope with aforementioned visible 

and NIR detection systems. 

In order to estimate protein knockdown with GQD/siRNA complex western blot assay 

was utilized. HeLa cells were plated at 1.8 x 105 cells per well in a 6-well plate and allowed to 

attach overnight. The cells were transfected with NGQD/siEGFR, NGQD/siKRAS, Nd-

NGQD/siEGFR, or Nd-NGQD/siKRAS at different ratios following the procedure from 

section 2.2, as well as with Lipofectamine 3000 (L3000001, Invitrogen) delivering siKRAS or 

siEGFR as per the manufacturer’s protocol. After 24 h cells were washed with fresh complete 
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medium and left for an additional 24 hours of incubation. After that, the cells were washed 

with room temperature phosphate-buffered saline (PBS) and directly lysed in RIPA lysis buffer 

(20-188, Millipore Sigma) supplemented with protease and phosphatase inhibitor cocktails 

(11836153001 and 04906845001, Roche). All the proteins were extracted and quantified by 

the Bradford protein assay using bovine serum albumin (BSA) as a standard. The proteins were 

further mixed with SDS Loading Buffer (BioRad) and heated for 10 min at 95°C. Equal 

amounts of protein were electrophoresed in 10% TGX Stain-Free acrylamide gel (1610182, 

BioRad) at 100 V for 1.5 hours and transferred onto a nitrocellulose membrane (88018, 

Thermo Scientific) at 25 V and 1.0-1.3 A using the Trans-Blot Turbo transfer system apparatus 

(1704150, BioRad). Membranes were blocked with blocking buffer (3% BSA in TBS-T (Tris-

buffered saline with 0.1% Tween® 20 detergent, Biorad)) for 1 hour and incubated with 

primary antibodies (Actin, Santa Cruz Biotech sc-8432, 1:1000 dilution; KRAS, sc-30, 1:200 

dilution; EGFR, sc-365829, 1:200 dilution) in the blocking buffer overnight at 4°C. After that, 

membranes were washed with blocking buffer three times and incubated with a secondary 

antibody (1706516, Biorad, 1:3000 dilution) for 1-2 h. Actin was used as a control, to ensure 

that an equal amount of protein was loaded in each line. After washing, membranes were 

stained with Opti-4CN Substrate Kit (1708235, Biorad) and imaged using FastGene® FAS-V 

Imaging System.    
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3. Results and discussion 

Are graphene quantum dots suitable for siRNA delivery with imaging 

capabilities? 

3.1. Size characterization 

 

In this work, a novel avenue for siRNA cancer gene therapy is explored with NGQD 

and Nd-NGQD carrier/imaging platforms synthesized utilizing a microwave-assisted 

hydrothermal method with glucosamine carbon precursor. Upon microwave treatment, 

glucosamine molecules undergo hydrothermal reaction and form aromatic clusters, serving as 

nucleation centers for the formation of NGQDs. With the addition of Nd(NO3)3⋅6H2O salt into 

the reaction mixture, neodymium ions dope the nucleating NGQDs yielding the formation of 

Nd-NGQDs. The morphology and structure of the purified and filtered NGQDs and Nd-

NGQDs are characterized by TEM and HRTEM. Both samples contain evenly distributed 

GQDs with respective average diameters of 4.0±0.6 nm and 3.8±0.9 nm (Figure 7 (a-b)). 

HRTEM images (Figure 7(c-d)) of NGQDs and Nd-NGQDs reveal their graphitic structure 

demonstrating characteristic graphene lattice fringes [131] with 0.26±0.03 and 0.21±0.03 nm 

respective interplanar spacing, while the fast Fourier transform (FFT) images confirm their 

crystallinity. EDX analysis is performed to ensure the presence of Nd in Nd-NGQDs after 

purification and filtration removing unreacted Nd precursors (Figure 7(e)). EDX spectrum 

demonstrates ~1 atomic percent of Nd in Nd-NGQDs confirming their successful doping. Due 

to its small amount, the metal dopant is not expected to affect the biocompatibility of the GQDs 

[132]. Besides Nd, EDX analysis indicates carbon, oxygen, and nitrogen suggesting the 

presence of various functional groups in the GQD structure. 
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Figure 7. TEM images and size distributions of (a) NGQD (4.0±0.6 nm) and (b) Nd-NGQDs 

(3.8±0.9 nm).  HRTEM images of NGQDs (c) and Nd-NGQDs (d) with corresponding characteristic 

graphitic lattice spacings. Inset: FFT image. (e) EDX spectra of Nd-NGQDs. Inset: Weight/atomic 

percentages of Carbon, Nitrogen, Oxygen and Neodymium. 
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FTIR of freeze-dried GQD samples (Figure 8) identifies hydroxyl, carboxyl, and amino groups 

most likely present on the surface of the GQDs enabling high water solubility as well as 

complexation with nucleic acids [8] and covalent functionalization for biological applications 

[133]. In this work, several modalities of these GQD platforms are tested to identify their 

capability for successful siRNA delivery. 

 
Figure 8. FTIR spectra of NGQDs and Nd-NGQDs. NGQDs spectrum is shifted up by 10 % for 

visualization. 

3.2. Optical properties 

In order to assess the imaging capabilities of the GQD platforms, their optical 

properties are evaluated via absorbance and fluorescence spectroscopies. Absorption spectra 

of NGQDs and Nd-NGQDs (Figure 9 (a)) show dominant features at ∼200 nm and ∼276 nm 

that are ascribed to π–π* and n−π* electronic transitions of the C=C and C=O bonds, 

respectively. The shoulder at ∼317 nm is attributed to the π–π* transition of the C=N bond 

[134]. Nd-NGQDs also possess an absorption peak at ∼800 nm (Figure 9 (b)) corresponding 

to the 4I9/2 → 4F5/2 transition of the Nd3+, enabling their fluorescence excitation with an 808 nm 

laser.  
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Figure 9. (a) UV-VIS absorption spectra of NGQDs and Nd-NGQDs. (b) NIR absorption spectra of 

Nd-NGQDs at 10 mg/mL concentration. 

With this excitation Nd-NGQDs exhibit several emission features at ~900, 1060, and 

1330 nm (Figure 10 (a)) attributed to the  4F3/2 → 4I9/2,  4F3/2 → 4I11/2 and 4F3/2 → 4I13/2 

neodymium(III) electronic transitions, verifying the capability of Nd-NGQDs for deep tissue 

NIR imaging [121]. Both NGQDs and Nd-NGQDs exhibit fluorescence in the visible region 

(Figure 10 (b)). Excited with 400 nm, both samples show a similar broad emission peak at 

∼500 nm ascribed to the quantum confinement-originating intrinsic GQD fluorescence [70]. 

The width of the spectrum is attributed to the distribution of different GQD sizes in the sample 

with a variety of size-dependent emission wavelengths. While visible fluorescence is not 

commonly used for in vivo applications, it provides an essential in vitro imaging modality 

enabling tracing the internalization of the GQDs into biological cells. Overall, the visible and 

NIR fluorescence capabilities of NGQDs and Nd-NGQDs make them prospective 

nanomaterials for bioimaging applications in vitro and in vivo. 
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Figure 10. (a) NIR fluorescence of Nd-NGQDs at the concentration of 11.3 mg/mL with 808 nm 

laser excitation. (b) Visible fluorescence of NGQDs (black) and Nd-NGQDs (red) at 10 and 11.3 

mg/mL concentrations with 400 nm xenon lamp excitation. 

 

3.3. GQD/siRNA complex characterization 

 

The capabilities of NGQDs and Nd-NGQDs to complex siRNA for its delivery were 

assessed via zeta potential and gel retardation assays. Both NGQDs and Nd-NGQDs show 

positive zeta potentials (1.8±0.7 mV and 8.3±0.7 mV respectively), indicative of their positive 

surface charge (Figure 11) attributed mainly to amino groups on the GQD surface. The 

incorporation of Nd3+ into the Nd-NGQD structure and positive defects created by doping can 

be deemed responsible for the elevated zeta potential of the Nd-NGQDs [135]. Utilizing 

positively-charged GQDs can facilitate more effective binding of the siKRAS and siEGFR 

genes that possess negative zeta potentials (-18.8±1.4 mV and -9.9±0.8 mV, respectively) and 

are negatively charged due to the presence of phosphate groups. Given this electrostatic 

binding advantage, the loading capacity of both genes onto NGQDs and Nd-NGQDs was 

evaluated via the gel retardation assay (Figure 12). In this assay, each GQD type and each gene 

are mixed together in an aqueous suspension at the weight ratios of 0:1, 1:2, 1:1, 3.3:1, 5:1, 
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10:1, 50:1, and 100:1, and incubated for 10 minutes at room temperature to allow 

complexation. When loaded onto the gel, the complex with lower mobility is likely to be more 

neutral, which is expected from a most efficient combination of positively charged GQDs and 

negatively charged siRNA [136]. The results of the gel retardation assay demonstrate that the 

migration of siEGFR and siKRAS gradually decreases with increasing of GQD/siRNA ratio. 

The maximum band “shift” with respect to the control column (0:1), which contains only 

negatively-charged siRNA, was observed at GQD/siRNA weight ratio of 100:1 indicating 

efficient complexation of siRNAs and GQDs at this ratio. The zeta potential of the Nd-

NGQD/siEGFR and Nd-NGQD/siKRAS at that weight ratio is measured to be positive 

(0.8±0.3 mV and 5.1±0.6 mV, respectively), giving a promise for effective cell entry and 

endosomal escape [137]. NGQD/siEGFR and NGQD/siKRAS demonstrate negative zeta 

potential (-6.9±0.6 mV and -4.4±1.1 mV) due to the initially lower charge of the NGQDs with 

the same amount of siRNA complexed. Similar potentials were previously observed for the 

NGQD platform with absorbed single-stranded DNA for miRNA detection [8]. 

 

 
Figure 11. Zeta potential of siKRAS, siEGFR, NGQDs, Nd-NGQDs and NGQD/siEGFR, 

NGQD/siKRAS, Nd-NGQD/siEGFR and Nd-NGQD/siKRAS complexes at 1:0.01 w/w ratio. 
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Figure 12. Gel retardation assay of (a) NGQD/siEGFR, (b) NGQD/siKRAS, (c) Nd-NGQD/siEGFR, 

(d) Nd-NGQD/siKRAS complexes at different w/w ratios. 

The change in the net electric charge of all complexes confirms the electrostatic interaction 

between the GQDs and siRNA. While having positively-charged nanoparticles may pose a 

substantial advantage for internalization, negatively-charged GQDs appear to enter the cells 

via an entirely different internalization mechanism [138]. In the case of cationic GQDs, 

micropinocytosis is considered a major internalization pathway, while anionic GQDs are 

known to internalize mostly through caveolae-mediated and clathrin-mediated endocytosis 

[138, 139]. Micropinocytosis involves the formation of large uncoated vesicles, where clathrin-

mediated endocytosis bring nanoparticles into a cell within a clathrin-coated vesicle, and 

caveolae-mediated endocytosis induces the formation of flask-shaped vesicles that is the result 

of the interaction with caveolin protein. Thus, despite their charge, both NGQD/siRNA and 

Nd-NGQD/siRNA complexes have a potential for gene delivery.  
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Following up on the zeta potential results, we performed geometry optimization 

calculations with the MMFF94 force field (Figure 13) that demonstrates a plausible 

configuration of the NGQD/siEGFR complex. Electrostatic interaction between the GQDs and 

the gene can arise from the alignment of positively charged at biological pH amino groups of 

the NGQDs and negatively charged siRNA phosphate groups (Figure 4, Inset). The calculation 

shows the potential of successfully complexing several GQD structures with the larger siRNA 

sequence. Experimentally, HRTEM and TEM images of NGQD/siEGFR complexes show 

bigger structures compared to individual GQDs as expected from the simulation, indicating 

successful siEGFR adsorption onto NGQD surface (Figure 14). After complexation 

assessment, different weight ratios are further tested for gene delivery in HeLa cells.    

 
 

Figure 13. Molecular visualization of NGQD/siEGFR complex geometrically optimized with 

MMFF94 energy minimization calculation. Inset: zoomed-in area showing the proximity of NGQD 

amine siEGFR phosphate groups. 
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Figure 14. (a) HRTEM and (b) TEM images of NGQD/siEGFR complex at 1:0.01 weight ratio. 

 

3.4. Cell Viability 

 

Maximum biocompatible concentrations for intracellular delivery of siRNA are 

determined in this work via the MTT cytotoxicity assay. Due to the low cytotoxicity of the 

precursor material and only small percent metal doping, both NGQDs and Nd-NGQDs are 

expected to exhibit biocompatibility at high concentrations. In order to select the highest 

biocompatible concentration for imaging and delivery, HeLa cells were treated with 

NGQD/siEGFR, NGQD/siKRAS, Nd-NGQD/siEGFR, and Nd-NGQD/siKRAS complexes 

for 48 hours at different amounts of NGQDs and Nd-NGQDs (Figure 15 (a) and (b)). Both 

complexes demonstrate ~70-80 % cell viability at 375 µg/mL, indicating that minor Nd doping 

does not contribute to the toxic profile of the formulation.  
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Figure 15. Cell viability of HeLa cells after treatment with (a) NGQD/siEGFR and NGQD/siKRAS, 

(b) Nd-NGQD/siEGFR and Nd-NGQD/siKRAS complexes at 1:0.01 weigh ratio. 
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Can GQD/siRNA complexes be used for imaging in vitro? 

3.5. Internalization/excretion study of GQDs 

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

fluorescence-based internalization/excretion study is performed via in vitro fluorescence 

microscopy. While 12 h has been previously determined as an optimal internalization time for 

NGQDs [65], here, we performed an internalization/excretion study for Nd-NGQDs utilizing 

their optical properties. Based on the Nd-NGQDs VIS fluorescence, emission within the cells 

is recorded with 460 nm filtered lamp excitation and 540 nm filtered emission. Nd-NGQDs 

were introduced into the HEK-293 cells and incubated for 1, 6, 12, 24, and 48 h. The 

fluorescence intensity per cell area is used as a measure of internalization/excretion dynamics 

of the nanomaterial in the HEK-293 cells over time (Figure 16 (a)). 

 

Figure 16. (a) Cellular internalization/excretion dynamics of Nd-NGQDs samples over 1, 6, 12, 24, 

and 48 h based on the fluorescence intensity of Nd-NGQDs within the HEK-293 cells in the VIS (460 

nm excitation, 540 nm emission). (b) Bright-field/VIS fluorescence confocal overlay images of HEK-

293 cells treated with Nd-NGQDs at their optimal internalization time point of 12 hours. 
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Such imaging accounts only for the Nd-NGQDs that are internalized since the ones remaining 

in the intracellular space are removed by a washing step during slide preparation. In order to 

quantify the internalization, the Nd-NGQDs emission from over 200 cells is analyzed at each 

time point, and the average intensity per unit cell area is then used as a measure of the 

intercellular Nd-NGQDs concentration. This analysis (Figure 16 (a)) demonstrates that Nd-

NGQDs experience maximum accumulation 12 h after treatment. The decrease in the 

fluorescence signal from cells after these time points suggests the excretion of Nd-NGQDs. 

Confocal fluorescence microscopy of the median plane of cells allows observing Nd-NGQDs 

that have been internalized inside the cell, disregarding the NGQDs only attached to the 

membrane (Figure 16 (b)). Bright-field/VIS fluorescence confocal cell image overlays verify 

the successful internalization and stable VIS fluorescence of Nd-NGQDs inside the cells at 12 

h of the optimal imaging time point. Visible fluorescence inside the cells demonstrates that 

Nd-NGQDs can serve as an intracellular therapeutic tracking agent. 

Based on the Nd-NGQDs NIR fluorescence, emission within the cells is recorded with 

808 nm laser and 1060 nm emission due to Nd dopant. The fluorescence intensity per area 

within the cell is used as a measure of internalization/excretion dynamics of Nd-NGQDs in the 

HEK-293 cells over similar time points: 1, 6, 12, 24, and 48 h. This analysis demonstrates that 

Nd-NGQDs experience maximum accumulation 12 h after treatment (Figure 17 (a,b)). These 

results are similar to the internalization/excretion study of Nd-NGQDs in the VIS and indicate 

that fluorescence from Nd dopant is stable within the intracellular environment, and verify the 

presence of Nd-NGQDs within the cells. Overall, Nd-NGQDs exhibit fluorescence in the NIR 

in vitro confirming their potential for in vivo imaging.  
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Figure 17. (a) Cellular internalization/excretion dynamics of Nd-NGQDs samples over 1, 6, 12, 24, 

and 48 h based on the fluorescence intensity of Nd-NGQDs within the HEK-293 cells in the NIR (808 

nm excitation, 1060 nm emission). (b) Bright-field/NIR fluorescence overlay images of HEK-293 

cells treated with Nd-NGQDs at their optimal internalization time point of 12 hours. 

3.6. Internalization of GQD/siRNA complexes 

 

Confocal fluorescence microscopy is utilized in this work to assess the delivery of siEGFR and 

siKRAS into HeLa cells by the GQDs. Both siEGFR and siKRAS were labeled with ROX and 

complexed with either NGQDs or Nd-NGQDs to form four combinations: NGQD/siEGFR-

ROX, NGQD/siKRAS-ROX, Nd-NGQD/siEGFR-ROX and Nd-NGQD/siKRAS-ROX. These 

complexes were left to transfect HeLa cells for 12 h, which has been previously determined as 

an optimal internalization time for both GQD types [65, 132]. In order to separately image 

fluorescence from GQDs and ROX, those were spectrally separated by exciting at 480 and 540 

nm respectively with corresponding emission recorded at 535±20 nm and 600±20 nm (Figure 

18). Confocal images taken at a median plane within the cells, demonstrate only fluorescence 

from the internalized GQDs and siRNA-ROX disregarding those accumulated on the cell 

membrane.  
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Figure 18. Bright field/visible fluorescence confocal overlay images of HeLa cells treated with (a) 

NGQD/siEGFR-ROX, (b) NGQD/siKRAS-ROX, (c) NGQD/siEGFR-ROX and (d) Nd-

NGQD/siKRAS-ROX for 12 h. GQD (shown in green) is excited with 480±20 nm and collected at 

535±20 nm, ROX (shown in orange) is excited with 540±20 nm and collected at 600±20 nm. (c) and 

(d) also include the overlay of NIR fluorescence arising from internalized Nd-NGQDs. Nd-NGQD 

(shown in red) is excited with 808 nm laser and collected in the range of 850-1350 nm. (b) Inset: 3D 

confocal image of green GQD and orange ROX fluorescence in the HeLa cell treated with 

NGQD/siKRAS-ROX. 

 

Considering substantial GQD fluorescence and ROX emission observed within the cells 

(Figure 18), we infer that these complexes successfully transfected the cells. This is further 

confirmed by reconstructing a 3D image of fluorescence within the cells (Figure 18 (b), inset) 

from individual imaging planes by z-stacking. A resulting orange and green fluorescence 
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filling the cell demonstrates the presence of both NGQDs and siKRAS-ROX within HeLa 

cells. As anticipated, NGQDs and Nd-NGQDs are mostly localized in the cytoplasm of HeLa 

cells [140], while siEGFR and siKRAS are also present in the cytoplasm and can be found 

translocated into the nucleus [141]. NIR emission from Nd-NGQDs within the HeLa cells 

collected via hyperspectral microscopy with 808 nm excitation, further confirms their 

successful internalization and potential for NIR imaging applications in vivo. These results 

verify the successful transfection of GQD/siRNA complexes into HeLa cells, however, do not 

provide proof of their therapeutic efficacy. 
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Does the GQD/siRNA complexes lead to cancer gene silencing? 

3.7. Protein knockdown by GQD/siRNA complexes 

 

In order to evaluate the gene silencing ability of GQD/siRNA complexes, the levels of the 

corresponding protein expression were assessed via western blot analysis. NGQDs and Nd-

NGQDs at biocompatible 375 µg/mL concentrations were set to transfect HeLa cells for 48 

hours to ensure that the platforms themselves do not dysregulate the expression of EGFR and 

KRAS proteins. At that point, no change in protein expression with respect to the untreated 

blank control group (Figure 19) was observed suggesting that the therapeutic contribution of 

the GQDs is negligible.  

 

Figure 19. Western blots of NGQDs and Nd-NGQDs at 375 µg/mL concentrations. 

Exposing HeLa cells to NGQD/siEGFR, Nd-NGQD/siEGFR, NGQD/siKRAS, or Nd-

NGQD/siKRAS complexes at different weight ratios but at a constant 375 µg/mL GQD 

concentration shows a pattern of protein inhibition for all four complexes (Figure 20). 

Lipofectamine 3000 known to facilitate successful siRNA transfection is used as a positive 

control delivering 0.25 nmol/mL of each siRNA. Actin is utilized as a protein expression 

control, as it is expressed within all eukaryotic cell types and is usually not affected by cellular 

treatments [142]. As a result, NGQD/siEGFR and Nd-NGQD/siEGFR complexes facilitate the 
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reduction of the EGFR expression level down to 31.3±8.0% and 36.0±7.5% at the 1:0.1 and 

1:0.01 GQD/siRNA weight ratios (Figure 20 (a)). A less effective protein knockdown at higher 

siRNA ratios can be explained by the specifics of GQD/siRNA complexation: larger amounts 

of siRNA might both generate a highly negative charge on the complex hampering its 

internalization and hinder the release of the neighboring siRNA sequences from the GQD 

surface. Furthermore, using high concentrations of siRNA could lead to off-target effects 

[143]. Similarly to EGFR knockdown, the expression of KRAS protein is also inhibited by 

NGQD/siKRAS and Nd-NGQD/siKRAS complexes with nearly maximum inhibition down to 

51.5±12.0 and 45.3±14.4 % observed at 1:0.01 GQD/siRNA weight ratio (Figure 20 (b)). This 

inhibition is comparable to the effect of the Lipofectamine positive control. It is noteworthy 

that KRAS knockdown does not exhibit substantial dependence on the type of platform or the 

weight ratio between GQDs and siRNA. Given the successful inhibition of KRAS and EGFR 

at nanomolar gene concentrations down to 31-36% and 45-51%, respectively, GQD/siRNA 

complexes can be further utilized as new promising therapeutic tools in cancer treatment.  
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Figure 20. Representative Western blot images and quantification of the blots upon the treatment of 

HeLa cells with (a) NGQD/siEGFR and Nd-NGQD/siEGFR, (b) NGQD/siKRAS and Nd-

NGQD/siKRAS complexes at different GQD/siRNA weight ratios. Lipofectamine 3000 is used as a 

positive control. EGFR and KRAS protein expression is normalized by actin protein loading and 

presented as percentage of the untreated sample. Values represent the mean ± SE of three independent 

experiments. 
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4. Conclusion 

4.1. Conclusion 

 

In this work, highly biocompatible near-infrared-emissive graphene quantum dots are 

utilized for the first time as nanocarriers for RNA interference therapy. Nitrogen-doped 

NGQDs as well as nitrogen and neodymium-doped Nd-NGQDs are synthesized via a cost-

effective and scalable hydrothermal microwave-assisted approach with a single glucosamine 

carbon precursor. Resulting few nanometers in size GQD structures exhibit intrinsic visible 

fluorescence, as well as fluorescence in the NIR arising from the neodymium dopants. Both 

NGQDs and Nd-NGQDs form complexes with siEGFR and siKRAS as confirmed by zeta 

potential and gel retardation assay, with electrostatically most efficient complexation at 1:0.01 

GQD/siRNA weight ratio. Theoretical geometry optimization calculation reveals plausible 

GQD/siRNA complex structures that possess the potential for electrostatic interaction. TEM 

and HRTEM images confirm the presence of larger structures that can represent modeled 

complexes. NGQD/siEGFR, Nd-NGQD/siEGFR, NGQD/siKRAS, and Nd-NGQD/siKRAS 

hybrids at 1:0.01 weight ratio demonstrate high biocompatibility at 375 µg/mL GQD 

concentration and successful internalization into HeLa cells confirmed by confocal 

fluorescence microscopy accumulating mostly in the cytoplasm. Within the cells, GQD/siRNA 

complexes facilitate substantial inhibition of EGFR and KRAS protein expression down to 31-

45 %, which for Nd-NGQD/KRAS delivery can surpass the knockdown levels achieved with 

Lipofectamine 3000. Unlike Lipofectamine 3000, Nd-NGQDs can also perform NIR 

fluorescence imaging in HeLa cells with 808 nm laser excitation, showing their potential for 

in vivo gene delivery with NIR image tracking. Overall, both NGQDs and Nd-NGQDs are 
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demonstrated here as successful nanocarriers facilitating image-guided in vitro anticancer 

siRNA delivery with corresponding gene knockdown.   

4.2. Questions answered 

 

i. Are GQDs suitable for siRNA delivery with imaging capabilities? 

Both NGQDs and Nd-NGQDs are suitable for siRNA delivery with imaging capabilities. The 

size of GQDs does not exceed 4 nm allowing for effective cellular internalization. Hydroxyl 

and carboxyl groups enable high water solubility of GQDs, while amino groups present on the 

surface of the GQDs provide positive charge and the ability to be complexed with nucleic 

acids. The gel retardation assay of GQDs and siRNA mixed at different weight ratios 

demonstrates the best complexation at 100:1 weight ratio (GQDs:siRNA) for both types of 

GQDs loaded with siKRAS and siEGFR. GQD/siRNA complexes demonstrate ~70-80% cell 

viability at 375 ug/mL concentration of GQDs. Both GQD types exhibit fluorescence in the 

visible and provide an essential in vitro imaging modality enabling tracing the internalization 

of the GQDs into biological cells. NGQDs are successfully doped with Nd (~1 atomic %) 

forming Nd-NGQDs that demonstrate fluorescence emission peak at 1060 nm in the NIR 

making them a prospective tool for in vivo applications. Thus given successful complexation 

with the siRNA verified via gel retardation assays as well as retention by the GQDs of their 

visible and NIR imaging capabilities, we can consider that GQDs are suitable for siRNA 

delivery and possess imaging capabilities. 

ii. Can GQD/siRNA complexes transfect HeLa cells and be used for imaging in vitro? 

NGQD/siRNA and Nd-NGQD/siRNA can both be imaged in the visible, while Nd-

NGQD/siRNA can be also imaged in the near-infrared due to the Nd dopant. 
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Internalization/excretion studies in the visible and NIR demonstrate that Nd-NGQDs 

experience maximum accumulation within cells 12 h after treatment. In vitro imaging studies 

show that GQDs and siRNA tagged with ROX dye are successfully transfected HeLa cells 

after 12 h treatment and mostly accumulate in the cytoplasm. Confocal images verify that 

visible GQD fluorescence originates from within the cells. As a result, we infer that NGQDs 

and Nd-NGQDs can be used for image-guided delivery with tracking capabilities in the visible 

and also in the near infrared, suggesting their further potential for in vivo siRNA delivery 

tracking. 

iii. Does the GQD/siRNA complexes lead to cancer gene silencing?  

Western blot assay results show that the GQD/siRNA complex facilitates gene silencing and 

corresponding EGFR and KRAS protein knockdown. Within the HeLa cells GQD/siRNA 

complexes produce substantial inhibition of EGFR and KRAS protein expression down to 31-

45 %, which for GQD/KRAS delivery can surpass the knockdown levels achieved with 

commercial Lipofectamine 3000. Overall, NGQDs and Nd-NGQDs are found to be promising 

platforms for siRNA delivery in RNAi therapeutics. 

4.3. Future Studies 

 

Our next step will be detailed studies of cellular uptake mechanisms of GQDs by 

cancerous and non-cancerous cells. We will study the effect of the charge of the GQDs 

prepared from different precursors on overall uptake and different endocytosis pathways such 

as micropinocytosis, clathrin-mediated endocytosis or receptor-mediated endocytosis, and 

caveolin-mediated endocytosis [139]. This step will elucidate the cell internalization pathways 

and improve the design of the multifunctional GQDs for gene delivery in the future. In case of 
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the strong charge dependence on overall uptake and endocytosis paths, we will utilize GQDs 

that demonstrate the highest uptake in cancerous cells for successful siRNA delivery with 

higher gene transfection efficiency.   

We will also perform quantitative polymerase chain reaction (qPCR) analysis in order 

to confirm mRNA reduction following siRNA administration in HeLa cells [74]. This 

experiment will demonstrate whether protein-level silencing is accomplished via 

transcriptional or post-transcriptional gene silencing. The results will be compared with 

western blot analysis of EGFR and KRAS protein expression.  

Prior to further animal work, we will test a novel strategy in cancer treatment as 

combination therapy. siRNA therapy will be combined with a chemotherapy agent, for 

example, cisplatin, in overcoming multidrug resistance, reducing off-target toxicity, and 

achieving potential synergistic apoptotic effects in cancer cells [144]. It was already shown 

that targeted silencing of both VEGFR2 and EGFR expression by siRNA, combined with low-

dose cisplatin, effectively inhibits tumor growth [145]. We will aim to improve on that result 

and facilitate image-tracking with GQD delivery. 

Our last step will be testing the GQD/siRNA complex in vivo. We will first conduct a 

toxicity study to define the minimum concentration of GQD/siRNA complex to use in non-

small cell lung cancer (NSCLC) A549 tumor xenograft mouse models. The NIR fluorescence 

properties of Nd-NGQDs were already shown in vivo where GQDs demonstrated successful 

emission at 1060 nm at the concentration of 0.25 mg/mL [121]. After periodical treatment with 

GQD/siRNA complex, we expect to observe substantial tumor volume reduction. qPCR and 

western blot analysis will be performed ex vivo to evaluate protein expression inhibition. 
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GQD/siRNA complex will also be combined with a chemotherapy agent in the case of 

successful results in vitro.  
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 While small interfering RNA (siRNA) technology has become a powerful tool that can 

enable cancer-specific gene therapy, its translation to the clinic is still hampered by several 

critical factors. These include the inability of cell transfection by the genes alone, poor siRNA 

stability in blood, and the lack of delivery tracking capabilities. Recently, graphene quantum 

dots (GQDs) have emerged as a novel platform allowing targeted drug delivery and 

fluorescence image-tracking in the visible and near-infrared. These capabilities can aid in 

overcoming primary obstacles to siRNA therapeutics. Here, for the first time, we utilize 

biocompatible nitrogen and neodymium-doped graphene quantum dots (NGQDs and Nd-

NGQDs) for the delivery of Kirsten rat sarcoma virus (KRAS) and epidermal growth factor 

receptor (EGFR) siRNA effective against a variety of cancer types. The non-covalent loading 

of siRNA onto GQDs is evaluated and optimized by the electrophoretic mobility shift assay 

and zeta potential measurements. GQDs as a delivery platform facilitate successful gene 

transfection into HeLa cells confirmed by confocal fluorescence microscopy at biocompatible 

GQD concentrations of 375 µg/mL. While the NGQD platform provides visible fluorescence 

tracking, Nd doping enables deeper tissue near-infrared fluorescence imaging suitable for both 

in vitro and in vivo applications. The therapeutic efficacy of the GQD/siRNA complex is 

verified by successful protein knockdown in HeLa cells at nanomolar siEGFR and siKRAS 

concentrations. A range of GQD/siRNA loading ratios and payloads is tested to ultimately 

provide substantial inhibition of protein expression down to 31-45% comparable with 

conventional Lipofectamine-mediated delivery. This demonstrates the promising potential of 

GQDs for the non-toxic delivery of siRNA and genes in general, complemented by 

multiwavelength image-tracking. 


