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ABSTRACT 
  
Graphene quantum dots (GQDs) have gained attention in the bioimaging community due to their 

biocompatibility and the capability of some GQDs to facilitate deeply-penetrating near infra-red 

(NIR) fluorescence image-tracking. Development of multiple NIR fluorescent GQD structures 

from a variety of precursors can facilitate their application in multiplex imaging, multianalyte 

sensing and combination therapy delivery. Herein, we demonstrate the synthesis of an 

unprecedented set of 11 distinct GQD structures capable of NIR fluorescence, achieved through a 

facile microwave-assisted bottom-up synthesis of 11 different materials: ascorbic acid, chitosan, 

citric acid, dextran, glucose, glucosamine hydrochloride, hyaluronic acid, l-glutamic acid, 

polyethylene glycol (PEG), sodium cholate, or sodium citrate. All GQD structures exhibit 

remarkable biocompatibility at concentrations of up to 2.20 mg/mL and can be successfully 

tracked by their NIR fluorescence in vitro while exhibiting effective cellular internalization in 

HEK-293 cells . This work provides a unique comprehensive study offering versatility in synthetic 

approach and physical/chemical properties of biocompatible NIR-emissive GQDs to fit a variety 

of bioimaging applications. 
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Introduction 
 

Over the past decades, fluorescence imaging has garnered much interest in drug delivery, 

cellular monitoring, and guided surgery as it is commercially available, sensitive, and non-invasive 

1-5. Fluorescence imaging in the first near-infrared window (NIR-I) (700–900 nm) is well 

established in the clinical setting due to its minimal absorption attenuation and autofluorescence 

in biological tissue in comparison to lower wavelengths 6-8. This results in greater penetration depth 

and signal-to-background ratio, making NIR an advantageous region for excitation and emission 

of fluorescent probes 6. However, unlike visible fluorophores, their NIR counterparts are scarce, 

possess lower quantum yields and photostabilities, hindering their wider application in the clinic 

9. This indicates the need in development of NIR fluorophores especially for applications in 

therapeutic delivery/tracking, multiplex imaging and sensing where fluorophores with different 

properties can be instrumental.  

This niche can be filled by nanoparticles that offer fluorescence imaging and therapeutic 

transport to the disease site enhanced by targeting or therapeutic modalities such as photothermal 

and photodynamic therapies 10, 11. Therapeutic delivery with real-time tracking allows for precise 

localization and controlled release of therapeutics, significantly improving treatment efficacy and 

reducing off-target effects. Such systems are particularly beneficial in cancer therapy, where 

precise targeting and imaging-guided drug release can enhance the selectivity and effectiveness of 

treatments, as demonstrated in recent studies involving targeted drug delivery and imaging in 

glioblastoma 12. Several members of the rapidly expanding family of carbon-based nanomaterials, 

including graphene oxide, carbon dots, graphene quantum dots, and carbon nanotubes (CNTs), 

also offer NIR emission capabilities 13-19. These materials enable simultaneous therapeutic delivery 

for a wide range of conditions, including prostate, breast, lung, and liver cancers, neurological 
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disorders, inflammatory diseases, and antimicrobial treatments 20. Functionalized carbon 

nanotubes (CNTs) can target breast, liver, and prostate cancers through photothermal and gene 

therapies While being effective NIR emitters with high photostability, some carbon nanomaterials 

are associated with toxicity and immunogenicity concerns 21, 22 facilitating  impairment of 

mitochondrial function, genetic damage, lysosomal damage, and ultimately, cell death 23-27. 

Unlike those, graphene quantum dots (GQDs), have recently been considered one of the 

least toxic nanoscale materials 28-32. The nanoparticles possess exceptional biocompatibility 33-36, 

high water-solubility 37, 38, exhibit substantial photostability 39-42 and can perform stand-alone 

therapeutic functions such as high singlet oxygen generation 43 and photothermal therapy10, which 

makes them promising candidates for clinical translation 20, 44. Generally, there are two synthetic 

means of producing GQDs: the top-down and bottom-up approaches. The top-down method 

involves the scission of bulk carbonaceous precursors into GQDs with lateral dimensions in the 

nanometer range 45. Cutting of the materials is facilitated by a variety of methods including 

chemical 45-56, electrochemical 44, 57-64, solvothermal exfoliation 31, 47, 65-76. Further active 

development of this method features a variety of precursors including graphite 77, graphene oxide 

(GO) 78, carbon nanotubes 45, coal 79, and fullerenes 80. None of these structures, however, were 

reported to exhibit NIR fluorescence. Recently, Hasan et al. (2018) pioneered the use of reduced 

GO as a precursor for the top-down synthesis of reduced GQDs (rGQDs), which are emissive in 

the NIR-I with excitation-varying quantum yield of 1-7% 78. 

As opposed to the top-down method, the bottom-up approach involves the fabrication of 

nano-sized GQDs from small molecular precursors through hydrothermal, 

pyrolysis/carbonization, chemical vapor deposition, and electron beam irradiation synthesis 

procedures 81. The approach is more scalable and cost-effective as molecular carbonaceous 
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precursors are abundant. However, the typical photoluminescence of GQDs produced from the 

bottom-up method is observed in the visible blue/green wavelengths 82, 83. Nevertheless, the 

bottom-up approach produces GQDs that have more uniform and reproducible structures and sizes 

than the top-down method 84. Pyrolysis is the most straightforward and cost-effective bottom-up 

technique in which organic material undergoes irreversible thermal decomposition, resulting in 

carbonization, aromatization, polymerization, and graphitization, which lead to the formation of 

GQDs 85, 86.  

Different GQDs with unique properties may be utilized for specific biomedical 

applications. Functional groups also aid in different biomedical applications. For instance, amine-

functionalized GQDs have shown antimicrobial effects 87, ultrastability 88 and increased cell entry, 

which is useful for drug delivery 89. Hydroxyl and carboxyl groups enhance the hydrophilicity, 

promote strong π-π interactions, increase the available surface area, and increase biocompatibility 

of GQDs 85, 90, 91. However, most bottom-up synthesized GQDs do not exhibit fluorescence in the 

near-infrared. For biomedical applications, such as non-invasive imaging and targeted drug-

delivery, near-infrared fluorescence is key due to high soft tissue penetration depth. Thus, there is 

a need for a simple, facile synthesis procedure to make GQDs which can be used for such 

biomedical applications. 

In the present work, we utilize the scalability and cost-effectiveness advantages of the 

bottom-up synthetic approach explored for GQD fabrication, to expand the pool of near-infrared-

fluorescing GQD structures and identify the applicability of various precursors specifically for 

synthesizing GQDS with NIR emission. We assess the optical and structural characteristics of the 

GQDs using a variety of analytical techniques to elucidate the specific characteristics leading to 

the formation of the NIR-emissive nanostructures. The bioimaging application is further explored 
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for biocompatible candidates in vitro to validate their further translatability as imaging/delivery 

agents for a variety of disease targets. The development of such a facile synthetic procedure with 

a variety of precursor materials for GQDs emitting in the NIR-I region can streamline a wide 

variety of biomedical applications including multidrug delivery and multianalyte detection. 

1. Materials and Methods 

1.1. Materials 
 

GQD synthetic precursors included ascorbic acid (Lot #21729, Unpretentious), chitosan (CAS 

# 84380-01-8, Power Grown), citric acid (CAS #77-92-9, Sigma Aldrich), dextran (CAS # 9004-

54-0, Alfa Aesar), glucose (CAS #50-99-7, Innovating Science), glucosamine hydrochloride (Lot 

#3510840, Millipore Sigma), 5 kDa hyaluronic acid (Part #HA5K-5, Lifecore Biomedical), L-

glutamic acid (CAS # 56-86-0, Sigma Aldrich), polyethylene glycol (PEG) (CAS #25322-68-3, 

Alfa Aesar), sodium cholate (CAS #206986-87-0, Sigma Aldrich), sodium citrate (CAS #6132-

04-3, Innovating Science), urea (CAS #57-13-6, Sigma Aldrich), 3-(3,4-Dimethylthiazole-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) (Lot #M6494, Thermo Fisher Scientific), serum-free 

medium, dimethyl sulfoxide (DMSO).  

1.2. Microwave-Assisted Synthesis of GQDs 
 

GQDs were synthesized through heat-treatment of precursor materials in an HB-P90D23AP-

ST Hamilton Beach microwave oven. 2.0 grams of precursor, either ascorbic acid, chitosan, citric 

acid (with 6.0 grams of urea), dextran, glucose, glucosamine hydrochloride, hyaluronic acid, l-

glutamic acid, PEG, sodium cholate, or sodium citrate were added into a petri dish and heated in 

the microwave at 1100W. After 40 to 60 minutes, the organic material darkened, indicating the 

https://www.sigmaaldrich.com/US/en/search/57-13-6?focus=products&page=1&perpage=30&sort=relevance&term=57-13-6&type=cas_number
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formation of GQDs. Once the material cooled to room temperature 50.0 ml of deionized (DI) water 

was added to disperse the GQDs aided by magnetic stirring for 20 minutes. To purify the  product 

from unreacted precursors, GQDs were dialyzed in 1 kDa dialysis bags against DI water for 24 

hours. The water was changed every 30 minutes for the first 3 hours, and then every 7 hours for 

the next 21 hours. After dialysis, the solutions were syringe-filtered using a 0.22 µm hydrophilic 

filter membrane to remove aggregates and sterilize. The suspensions were further freeze-dried 

using a Labconco FreeZone 4.5 freeze dryer for further storage and characterization . 

 

1.3. Structural and Optical Characterization 
 

The morphology, lattice structure, and size distribution of the GQDs were characterized using 

high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100). For TEM sample 

preparation, GQDs are first dispersed in DI, followed by drop-casting onto 300-mesh carbon-

coated copper grids. The grids were later dried under ambient conditions prior to imaging. To 

characterize the functional groups on the GQD surface, the freeze dried samples analyzed using 

the ATR mode of the Thermo Fisher (Nicolet Nexus 670) Fourier-Transform Infrared 

Spectrometer (FTIR) in the 500 – 4000 cm-1 range. Regions characteristic for most common GQD 

functional groups were highlighted. The absorbance of all the GQDs was measured between the 

range of 200 – 1000 nm using a Cary 60 (Agilent Technologies, Santa Clara, CA, USA) 

spectrometer. 

   Visible fluorescence spectra of GQDs were evaluated using a NanoLog (HORIBA 

Scientific, Piscataway, NJ, USA) spectrofluorometer with an excitation wavelength of 400 nm in 

an emission range of 475 – 700 nm. NIR GQD fluorescence spectra were assessed with AvaSpec-
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HS-TEC spectrofluorometer (Avantes, Apeldoorn, The Netherlands) with a 0.9 W/cm2 808 nm 

laser (808MD-12V-BL, Q-BAIHE, China) excitation.  

1.4. Cell Viability Assays 
 

3-(4-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay was conducted to 

analyze the biocompatibility of the various GQDs. HEK-293 cells were plated into 96-well plate 

at a density of 5,000 cells per well and incubated at 37.1 °C with 5% CO2 for approximately 18 

hours. Next, the cells were pre-treated with different concentrations of the GQDs obtained by serial 

dilutions. After a 24-hour incubation period, the culture medium was replaced with MTT reagent 

prepared in serum-free medium at a concentration of 1 mg/mL, and the cells were incubated for 

an additional 4 hours. The MTT solution was then replaced by 100% DMSO to solubilize the 

formazan crystals, followed by shaking the plates at room temperature for 5 minutes using an 

orbital shaker. Finally, cell viability was assessed by measuring absorbance at 580 nm using a 

FLUOstar Omega microplate reader evaluating formazan absorption. 

1.5. NIR Fluorescence Imaging 
 

To test cellular uptake of GQDs through NIR fluorescence microscopy, HEK-293 cells were 

plated onto coverslips positioned in a 6-well plate, with a density of 10,000 cells per well. The 

coverslips were pre-treated with rat tail collagen I (ALX-522-435-0020, Enzo) according to the 

manufacturer’s instructions to facilitate cell attachment. The following day, GQDs were added to 

the designated wells at their biocompatible concentrations (Figure 5) and incubated for 12 

hours. The coverslips with cells were rinsed using 1X phosphate-buffered saline to remove any 

GQDs that had not been internalized. To prepare the slides for the NIR fluorescence imaging, the 

cells were fixed using a 4% formaldehyde solution (Thermo Scientific, 28 908) and mounted with 
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Fluoromount-GTM mounting medium (Invitrogen, 00-4958-02).  

GQDs internalized into the cells were excited with 808 nm laser. Non-internalized GQDs were 

removed during the washing step. NIR fluorescence microscopy images were taken using an 

Olympus IX73 fluorescence microscope with a 60× (IR-corrected Olympus Plan Apo) water 

immersion objective. NIR InGaAs Photon etc. (ZephIR 1.7) detector was used to obtain NIR 

images of GQDs within the HEK-293 cells (850–1600 nm). 

2. Results and Discussion 
 

The bottom-up synthetic approach is utilized in this work to produce 11 NIR-emissive 

GQDs from different precursors: ascorbic acid GQDs, chitosan GQDs, citric acid - urea GQDs, 

dextran GQDs, glucose GQDs, glucosamine hydrochloride GQDs, hyaluronic acid GQDs, l-

glutamic acid GQDs, PEG GQDs, sodium cholate GQDs, and sodium citrate GQDs. The 

synthesized GQDs are dispersed in deionized (DI) water, followed by dialysis for 24 hours using 

1 kDa dialysis membranes against DI water to eliminate unreacted precursors. The purified GQD 

solution is subsequently sterilized by filtration through 0.22 µm pore-size syringe filters. 

Transmission electron microscopy (TEM) analysis display GQDs’ size distributions for each 

precursor: (a) Chitosan GQDs 5.63 ± 0.23 nm, (b) Glucosamine Hydrochloride GQDs 5.06 ± 0.99 

nm, (c) Ascorbic Acid GQDs 3.13 ± 0.12 nm, (d) Dextran GQDs 4.47 ± 0.25 nm, (e) Sodium 

Citrate GQDs 3.84 ± 0.93 nm, (f) Sodium Cholate GQDs 3.32 ± 0.17 nm, (g) PEG GQDs 2.81 ± 

0.07 nm, (h) L-Glutamic Acid GQDs 3.39 ± 0.11 nm, (i) Hyaluronic Acid GQDs  4.95 ± 0.37 nm, 

(j) Glucose GQDs 6.63 ± 0.53 nm, and (k) Citric Acid–Urea GQDs 13.47 ± 0.82 nm in diameter. 

High-resolution transmission electron microscopy (HRTEM) images reveal the graphitic lattice 

structures in all GQDs, with planar spacings of: (a) Chitosan GQDs 0.37 nm, (b) Glucosamine 
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Hydrochloride GQDs 0.37 nm, (c) Ascorbic Acid GQDs 0.21 nm, (d) Dextran GQDs 0.21 nm, (e) 

Sodium Citrate GQDs 0.31 nm, (f) Sodium Cholate GQDs 0.24 nm, (g) PEG GQDs 0.21 nm, (h) 

L-Glutamic Acid GQDs 0.27 nm, (i) Hyaluronic Acid GQDs 0.34 nm, (j) Glucose GQDs 0.27 nm, 

and (k) Citric Acid–Urea GQDs 0.27 nm (Figure 1). The crystallinity of GQDs is further confirmed 

by Fast Fourier Transform (FFT) patterns corresponding to each precursor (Figure 1, insets). 
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Figure 1: HRTEM images, with insets displaying the interlayer spacings and FFTs of Chitosan GQDs (a), 
Glucosamine Hydrochloride GQDs (b), Ascorbic Acid GQDs (c), Dextran GQDs (d), Sodium Citrate GQDs (e), 

Sodium Cholate GQDs (f), PEG GQDs (g), L-Glutamic Acid GQDs (h), Hyaluronic Acid GQDs (i), Glucose GQDs (j) 
and Citric Acid Urea GQDs (k). 

  

 

All 11 GQDs possess a number of common functional groups characterized by Fourier 

Transform Infrared (FTIR) spectroscopy in the ATR mode in freeze-dried GQD samples. Most 

GQDs have a wide and strong O-H band around 3300 cm-1 92 with glucosamine GQDs having a 

sharper feature  PEG-GQDs showing only a weak O-H peak and all GQDs have a C-O peak around 

~ 1060 cm-1.  Citric acid-urea, hyaluronic acid and l-glutamic acid GQDs all show C-H (2800–

2920 cm-1) stretching bands, and C=O carbonyl stretch (1560–1710 cm-1) bands which further 

enhance the  solubility of these GQDs in water 40, 90, 91, 93, 94. GQDs as aromatic compounds also 

show aromatic overtones seen as fringes 95 between 1600 – 2000 cm-1 with glucosamine 

hydrocholoride displaying only an aromatic C-H band at 3092 cm-1 and an aromatic C=C at 1536 

cm-1 96. The GQDs synthesized from nitrogen-based precursors, possess amine groups: 

glucosamine GQDs have N-H peaks around 3095 cm-1 and 1614 cm-1 97 while citric acid-urea 

GQDs have C-N peaks around 1060 cm-1 98. Amine groups enhance the biocompatibility of GQDs 

by minimizing toxicity, suppressing immune reactions, and promoting smoother integration within 

biological environments 85, 99. Ascorbic acid, citric acid - urea and PEG-GQDs’ FTIR spectra 

indicated a C=O, ester carbonyl group at 1731 cm-1, 1702 cm-1 and 1754 cm-1 respectively 100 and 

a C-O group, at 1036 cm-1, 1190 cm-1 and 1099 cm-1 respectively. 
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Figure 2: Absorbance spectra of (a) Chitosan GQDs (mint green),  Glucosamine Hydrochloride GQDs (blue), Ascorbic Acid GQDs 

(pink),  Dextran GQDs (violet), Sodium Cholate GQDs (dark yellow), and Sodium Cholate GQDs (black) and (b) PEG GQDs (dark 

green),  L-Glutamic Acid  GQDs (light -blue), Hyaluronic Acid GQDs (orange),  Glucose GQDs (dark purple), and Citric Acid - 

Urea GQDs (red) 

The absorption features of the GQDs further support their structure of oxygenated aromatic 

nanoparticles revealed in the FTIR imaging (Figure 2). PEG, glucose, dextran, and chitosan GQDs 

have absorption peaks ~220 nm indicating π-π* transition similar to that of C=C bonds in graphene 

oxide 101, 102. Sodium Cholate GQDs have a shoulder in the absorption graph at 264 nm 

corresponding to their π-π* transition. Peaks between 275 – 300 nm were found in dextran, 

hyaluronic acid, sodium citrate, citric acid-urea, glucose, glucosamine, and chitosan GQDs arising 

from the n-π* transition of the C=O bonds. Chitosan and hyaluronic acid GQDs have long tails 

that go into the NIR region enhancing their absorption for NIR imaging applications.  

Visible fluorescence spectra of the GQDs recorded using a NanoLog spectrofluorometer 

(HORIBA Scientific, Piscataway, NJ, USA) with 400 nm excitation all show a broad feature within 

the 475 – 700 nm range. The broad visible emission is attributed to the presence of GQDs with 

varying sizes within the sample each possessing their distinct set of quantum confinement-defined 
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excitation and emission wavelengths and altogether amounting to the broad superposition. In 

contrast, they all show excitation-independent NIR emission (Figure 3) that may arise from 

localized electronic defects introduced through the incorporation of oxygen-containing functional 

groups within the graphitic framework. 

 

Figure 3:Normalized NIR fluorescence emission of (a) Chitosan GQDs (mint green), Glucosamine Hydrochloride  GQDs (blue), 

Ascorbic Acid GQDs (pink), Dextran GQDs (violet), Sodium Cholate GQDs (dark yellow), and Sodium Cholate GQDs (black) and 

(b) PEG GQDs (dark green),  L-Glutamic Acid  GQDs (light -blue), Hyaluronic Acid GQDs (orange),  Glucose GQDs (dark 

purple), and Citric Acid - Urea GQDs (red) with 808 nm excitation. 

While most GQDs exhibit a bimodal feature with only chitosan GQDs showing a single 

NIR peak, the ratios of the peak intensities vary substantially depending on the GQD precursor 

materials. Thus, while the similarity in the fluorescence graphs tells us that all the GQDs have 

similar structures, their NIR-emissive defect centers may have different electronic environments 

resulting in some peak shape/position variations. The NIR GQD emission is critical for biomedical 

imaging as the NIR light has high soft tissue penetration depths of up to 10 mm 103. 
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Figure 4: Cell viability of HEK-293 cells treated with (a) Chitosan GQDs (mint green), Glucosamine Hydrochloride  GQDs (blue), 

Ascorbic Acid GQDs (pink), Dextran GQDs (violet), Sodium Cholate GQDs (dark yellow), and Sodium Cholate GQDs (black) and 

(b) PEG GQDs (dark green),  L-Glutamic Acid  GQDs (light -blue), Hyaluronic Acid GQDs (orange),  Glucose GQDs (dark 

purple), and Citric Acid - Urea GQDs (red) at different concentrations. 

  

 

Figure 5:  Highest concentration of different GQD types (Chitosan GQDs (mint green),  Glucosamine Hydrochloride  GQDs (blue), 

Ascorbic Acid GQDs (pink),  Dextran GQDs (violet), Sodium Cholate GQDs (dark yellow), Sodium Cholate GQDs (black), PEG 
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GQDs (dark green),  L-Glutamic Acid GQDs (light -blue), Hyaluronic Acid GQDs (orange),  Glucose GQDs (dark purple), and 

Citric Acid - Urea GQDs (red)) that is biocompatible in cells. 

Biocompatibility of the novel imaging agents developed in this work is assessed in HEK-

293 cells by the MTT assay (Figure 4) as it is a critical factor for their translation to preclinical 

applications. Nanomaterials are considered generally biocompatible at above 80% cell viability 

which is achieved at concentrations between 0.047–2.20 mg/ml with ascorbic acid GQDs showing 

the lowest and glucosamine hydrochloride GQDs - the highest biocompatible concentrations 

(Figure 5). These biocompatible concentrations are further used to validate the capabilities of the 

GQDs for NIR fluorescence imaging in vitro. 

This is accomplished by tracking GQDs internalized into HEK-293 cells primarily via 

endocytosis 97 via their intrinsic NIR fluorescence excited with the 808 nm laser  at the maximum 

GQD internalization time point of 12 hours established in our previous work 104.  Since 

extracellular GQDs are removed in the washing step, there is nearly no emission detected in the 

extracellular environment with all the GQD NIR fluorescence arising from within the cells (Figure 

6). Thus, these eleven GQDs can be used as NIR fluorescence markers. 
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Figure 6: Bright-field and NIR fluorescence overlay of GQD treated cells. Near-infrared GQD fluorescence (shown in 
red) is excited at 808 nm. 

 
The unique properties of the GQDs synthesized from various precursors uncover their 

potential for biomedical applications. For instance,  different functional groups on their surface 

can aid in the attachment of therapeutics or targeting agents For instance, glucosamine and citric 

acid-urea GQDs, with amine functional groups, can be conjugated with folic acid or peptides for 

selective targeted uptake cancer cells, enhanced delivery and imaging specificity 105. GQDs 

bearing oxygen-containing functional groups can be used as pH sensors with their fluorescence 

affected by protonation and deprotonation of these groups29, 106. Thus the variety of NIR-emissive 

GQD structures developed in this work offers a broad range of capabilities for enhancing and 

developing novel biomedical applications of these unique nanomaterials. 
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3. Conclusion 
 

In this study, we synthesize eleven distinct graphene quantum dot (GQD) structures using a 

facile, cost-effective, scalable microwave-assisted bottom-up synthesis method from different 

organic precursors. Structural and optical characterization confirmed the presence of functional 

groups such as hydroxyl, carboxyl, amine, and ester, which contribute to the GQDs’ stability, 

solubility, and potential for surface functionalization. TEM analysis showed that GQDs 

synthesized from various precursors exhibited distinct size distributions, ranging from 2.81 ± 0.07 

nm (PEG) to 13.47 ± 0.82 nm (citric acid–urea). HRTEM further confirmed their crystallinity, 

revealing graphitic lattice structures with planar spacings between 0.21 nm and 0.37 nm, supported 

by corresponding FFT patterns. FTIR spectroscopy demonstrated common functional groups 

among these GQDs, particularly hydroxyl (O–H), carbonyl (C=O), and ether (C–O) groups, 

contributing to their enhanced water solubility and biocompatibility. Additionally, nitrogen-

containing precursors yielded GQDs with amine groups, known to reduce toxicity, suppress 

immune reactions, and facilitate integration in biological systems. These GQDs demonstrated 

visible and NIR fluorescence,  water solubility, and substantial biocompatibility at concentrations 

up to 2.20 mg/mL, making them highly suitable for biomedical applications.  

Near-infrared in vitro fluorescence microscopy reveals substantial intracellular fluorescence 

for all 11 GQD structures, indicating efficient cellular internalization of GQDs and supporting 

their utility in bioimaging applications. The diverse surface functional groups on GQDs provide a 

versatile platform for targeted drug delivery, pH-responsive sensing, and bio-conjugation with 

targeting ligands or therapeutic agents. 
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The findings of this study highlight the tunable physicochemical and biological properties of 

these novel GQD structures, which can be tailored through precursor selection. This versatility 

positions them as promising nanomaterials for advanced biomedical technologies, including 

targeted therapeutics, multimodal imaging, biosensing, and personalized medicine applications. 

Future studies should focus on evaluating biocompatibility in vivo and exploring translational 

potential for clinical use. 
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