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Introduction
Ophthalmic imaging has undergone significant advancement over the past two 

decades, improving early diagnosis and treatment of retinal disorders such as age-related 
macular degeneration, diabetic retinopathy and glaucoma [1]. Despite these developments, 
conventional fluorescent dyes used in retinal imaging-such as fluorescein and indocyanine 
green-suffer from limitations including photobleaching, short retention time and potential 
cytotoxicity to ocular tissues [2]. Therefore, there is an ongoing need for highly stable, 
biocompatible and high-contrast imaging agents suitable for non-invasive visualization of 
delicate ocular structures. Graphene Quantum Dots (GQDs) have emerged as a promising 
class of carbon-based nanomaterials due to their ultra-small size (<10nm), strong and 
tunable photoluminescence, excellent aqueous stability and exceptionally low toxicity [3]. 
Compared with traditional semiconductor quantum dots containing heavy metals such as 
CdTe or CdSe, GQDs are inherently safer and more environmentally sustainable, making them 
suitable for biomedical and ophthalmic applications [4]. Their abundant surface functional 
groups also facilitate conjugation with biomolecules, enabling targeted imaging and drug-
tracking functions. In recent years, GQDs have demonstrated exceptional utility in bio-
imaging, biosensing, drug delivery and real-time fluorescence tracking of living cells [5]. Their 
high photostability and strong blue or green emissions allow long-term imaging without 
photodegradation, which is crucial for ophthalmic diagnostics where continuous observation 
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Abstract
Graphene Quantum Dots (GQDs) represent a new generation of ultra-small, photostable and highly 
biocompatible fluorescent nanomaterials suitable for biomedical imaging. The present study explores the 
potential of laboratory-synthesized GQDs for ophthalmic bio-imaging and retinal cell tracking applications. 
GQDs were synthesized using a green, bottom-up carbonization method and characterised by UV–Vis 
spectroscopy, photoluminescence, TEM, FTIR, Raman spectroscopy and Zeta potential measurements. 
The strong blue fluorescence, narrow emission peak and excellent aqueous stability of GQDs make them 
suitable for ocular environments. In-vitro biocompatibility was evaluated using ARPE-19 (retinal pigment 
epithelial) cell lines, showing over 90% cell viability up to 200µg/mL concentration. Confocal microscopy 
confirmed the internalization of GQDs into retinal cells with strong cytoplasmic localization and no 
morphological damage. These findings indicate that GQDs may serve as promising candidates for real-
time retinal cell tracking, early diagnosis of retinal degeneration and non-invasive ophthalmic imaging. 
Further in-vivo studies are recommended to validate their full therapeutic and diagnostic potential.

Keywords: Graphene quantum dots; Ophthalmic imaging; Retinal cell tracking; Fluorescence nanoprobes; 
Nanobiotechnology; Biocompatibility
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of Retinal Pigment Epithelial (RPE) cells or photoreceptor behavior 
is required [6]. Furthermore, their hydrophilicity and negative 
surface charge improve dispersion in ocular fluids and reduce 
aggregation-associated toxicity.

The retina is one of the most sensitive tissues in the human 
body and any imaging agent used must demonstrate exceptional 
biocompatibility. Studies have shown that GQDs exhibit minimal 
cytotoxicity even at relatively high concentrations, with more than 
85-95% cell viability in common ocular cell lines such as ARPE-
19 [7]. Their ability to internalize into cells through endocytosis 
and localize within the cytoplasmic regions makes them excellent 
candidates for tracking cellular migration, proliferation and 
degeneration-important in diseases like retinitis pigmentosa or 
macular degeneration. Given their advantageous optical, chemical 
and biological properties, GQDs represent a transformative 
material for next-generation ophthalmic bio-imaging. However, 
more systematic experimental evaluation is needed to validate 
their suitability specifically for retinal cell tracking. The present 
study investigates the synthesis, characterization, biocompatibility 
and imaging performance of GQDs for potential ophthalmic 

applications, with a focus on their interaction with retinal pigment 
epithelial (ARPE-19) cells.

Materials and Methods
Materials

Citric acid (analytical grade), NaOH, Phosphate-Buffered Saline 
(PBS) and DMEM/F12 culture medium were procured from Sigma-
Aldrich. ARPE-19 (Adult Retinal Pigment Epithelial) cell lines were 
obtained from the National Centre for Cell Science (NCCS), Pune. 
All chemicals used were of high purity and Milli-Q water was used 
throughout the experiments.

Synthesis of graphene quantum dots (GQDs)

GQDs were synthesized using a modified hydrothermal 
carbonization method. Citric acid (2g) was dissolved in 20mL 
of deionized water and heated at 180 °C for 4 hours in a Teflon-
lined autoclave. The resulting dark-brown solution was cooled and 
neutralized using 0.1M NaOH. The solution was dialyzed (1kDa 
membrane) for 24 hours to remove unreacted precursors (Figure 
1).

Figure 1: Schematic illustration of the hydrothermal synthesis of Graphene Quantum Dots (GQDs). Citric acid 
dissolved in deionized water is heated at 180 °C for 4 hours in a Teflon-lined autoclave, followed by cooling and 

neutralization with 0.1M NaOH. The resulting solution is purified using dialysis (1kDa membrane, 24h) and the final 
GQD dispersion is stored at 4 °C in the dark for further experiments.

Yield and storage: The GQDs solution was stored at 4 °C in the 
dark until further use.

Characterization techniques

The characterization of the prepared GQDs was performed 
using a series of advanced analytical instruments. UV-Visible 
absorption spectra were recorded using a Shimadzu UV-2600 
UV-Vis Spectrophotometer (Japan) operating in the 200-800nm 
wavelength range. Photoluminescence (PL) measurements were 

carried out on a Horiba FluoroMax-4 Spectrofluorometer (USA) 
with an excitation scan capability from 300-500nm. Transmission 
Electron Microscopy (TEM) analysis was conducted using a JEOL 
JEM-2100 TEM (Japan) operated at an accelerating voltage of 200kV, 
which enabled high-resolution imaging of nanoscale features. 
Fourier Transform Infrared Spectroscopy (FTIR) was performed 
using a Bruker Alpha II FTIR Spectrometer (Germany) operating 
in the 4000-400cm⁻¹ wavenumber range. Raman spectra were 
obtained using a Renishaw in Via Raman Microscope (UK) equipped 
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with a 532nm laser source and an operational Raman shift range of 
500-3000cm⁻¹. The zeta potential measurements were carried out 
using a Malvern Zetasizer Nano ZS (UK) operating in the -100 to 
+100mV mobility range to determine colloidal stability. ARPE-19 
retinal epithelial cells were cultured in DMEM/F12 medium (Gibco, 
USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 
penicillin-streptomycin and maintained under standard incubation 
conditions of 37 °C, 5% CO₂ and 95% relative humidity.

For cytotoxicity evaluation using the MTT assay, ARPE-19 cells 
were seeded in 96-well plates at a density of 1×10⁴ cells per well, 
followed by treatment with varying concentrations of GQDs (10-
200µg/mL) for 24 and 48 hours. After incubation, MTT reagent 
(0.5mg/mL) was added for 3 hours, the resulting formazan crystals 
were dissolved in Dimethyl Sulfoxide (DMSO) and absorbance 
was recorded at 570nm using a microplate reader to compute 
percentage cell viability relative to the untreated control. For 
cellular uptake analysis, ARPE-19 cells were exposed to 50µg/mL 
GQDs for 4 hours, washed with Phosphate-Buffered Saline (PBS), 
fixed with 4% paraformaldehyde, stained with DAPI to visualize 
cell nuclei and imaged using a confocal laser scanning microscope 

to assess intracellular localization and fluorescence distribution. 
All experimental procedures were conducted in triplicate and 
statistical analysis was performed using GraphPad Prism, with data 
expressed as Mean±Standard Deviation (SD); a p-value <0.05 was 
considered statistically significant for all comparisons.

Result and Discussion
The optical properties of the synthesized GQDs were evaluated 

using UV-Vis and photoluminescence spectroscopy, as shown in 
Figure 2. The UV-Vis spectrum (Figure 2A) displayed a pronounced 
absorption peak at approximately 260-270nm, which is attributed 
to the π-π* transitions of conjugated C=C bonds in graphitic carbon 
[8]. This absorption feature is widely recognized as a signature of 
graphene quantum dots and indicates the presence of aromatic sp² 
domains formed during carbonization [4,6]. The gradual decrease 
in absorbance toward higher wavelengths further suggests the 
absence of large carbonaceous clusters and confirms the formation 
of uniformly dispersed nanoscale GQDs [9]. The PL spectrum 
(Figure 2B) demonstrated strong blue fluorescence with an 
emission maximum in the range of 450-480nm [10]. 

Figure 2: (A) UV–Vis absorption spectrum of Graphene Quantum Dots (GQDs) showing a strong absorption peak 
around 270nm corresponding to the π–π* transition of aromatic sp² carbon domains. (B) Photoluminescence (PL) 

emission spectrum of GQDs, exhibiting a characteristic emission centered near 450-480nm under excitation in the 
blue region, confirming their excitation-dependent fluorescence behavior.

This broad emission profile reflects the combined effects 
of quantum confinement and surface defect states commonly 
observed in citric-acid-derived GQDs [5,10]. The smooth and 
intense emission band indicates good structural uniformity and the 
presence of oxygen-containing functional groups that contribute to 
emissive surface states [2]. The excitation-dependent PL behavior, 
characteristic of small-sized graphene quantum dots, further 
supports the presence of heterogeneous emissive centers associated 
with oxidized surface moieties [7]. The structural morphology and 
crystalline characteristics of the synthesized GQDs were examined 
using TEM, HRTEM, SAED and EDX analysis, as presented in Figure 
3. The TEM micrograph (Figure 3A) shows uniformly dispersed, 
spherical GQDs with particle sizes in the range of 3-8nm. Such 

nanoscale dimensions are typical of citric-acid-derived graphene 
quantum dots synthesized via hydrothermal carbonization and 
are consistent with previously reported particle sizes [4,5,11]. The 
HRTEM image (Figure 3B) exhibits clear lattice fringes with an 
interlayer spacing of approximately 0.24nm, which corresponds to 
the (002) plane of graphitic carbon.

This value is characteristic of turbostratic graphene layers 
and confirms that the synthesized GQDs possess partial graphitic 
ordering at the atomic scale [6]. The presence of well-defined fringes 
suggests that despite their small size, the GQDs retain crystalline 
domains that contribute to their strong optical properties observed 
in UV-Vis and PL measurements. The SAED pattern (Figure 3C) 
displays three distinct concentric rings indexed to the (002), (100) 
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and (110) diffraction planes of graphitic carbon [12]. The presence 
of these rings indicates a polycrystalline nature with randomly 
oriented crystalline domains-typical of quantum dots with partially 
ordered graphene-like structures [7]. The ring broadening is 
attributed to nanoscale particle dimensions and lattice disorder 
arising from oxygen-containing surface groups [13]. The EDX 

spectrum (Figure 3D) confirms the elemental composition of the 
GQDs, showing dominant peaks corresponding to Carbon (C) and 
Oxygen (O). The presence of oxygen suggests abundant surface 
functional groups such as hydroxyl, carboxyl and carbonyl species, 
which originate from citric acid decomposition and aid in water 
solubility and biocompatibility [6].

Figure 3: (A) TEM image of Graphene Quantum Dots (GQDs) showing uniformly dispersed nanoscale particles 
with sizes in the 3-8nm range. (B) High-Resolution TEM (HRTEM) lattice fringe pattern, exhibiting a well-defined 
interlayer spacing of ~0.24nm corresponding to the (002) plane of graphitic Carbon. (C) Selected Area Electron 
Diffraction (SAED) pattern displaying concentric diffraction rings indexed to the (002), (100) and (110) planes, 

confirming the polycrystalline nature of GQDs. (D) Energy-dispersive X-ray spectroscopy (EDX) spectrum, showing 
dominant peaks for carbon and oxygen, validating the carbonaceous and oxygen-functionalized composition of 

GQDs.

The absence of metal impurities indicates successful 
purification via dialysis. Together, the TEM, HRTEM, SAED and 
EDX analyses confirm that the synthesized GQDs are nanoscale, 
graphitic, polycrystalline and oxygen-functionalized-attributes 
that directly support their suitability for optical imaging and 
biomedical applications. The chemical structure and bonding 

characteristics of the synthesized GQDs were examined using FTIR 
and Raman spectroscopy (Figure 4). The FTIR spectrum (Figure 
4A) showed several distinct peaks corresponding to oxygen-rich 
functional groups. The broad absorption band at approximately 
3400cm⁻¹ is attributed to O-H stretching vibrations, commonly 
observed in hydroxyl and carboxyl groups. A strong peak near 
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1700cm⁻¹ represents the C=O stretching of carbonyl or carboxyl 
functionalities, while the absorption band around 1600cm⁻¹ 
corresponds to aromatic C=C stretching from sp²-hybridized 
carbon domains. Additionally, the signal observed near 1200cm⁻¹ is 
associated with C-O stretching vibrations, confirming the presence 

of epoxy or alkoxy groups attached to the GQD surface. These 
vibrational signatures are consistent with the oxygen-containing 
groups introduced during the hydrothermal carbonization of citric 
acid [3,4].

Figure 4: (A) FTIR spectrum of Graphene Quantum Dots (GQDs) showing characteristic vibrational bands associated 
with O–H stretching (~3400cm-¹), C=O stretching (~1700cm-¹), C=C skeletal vibrations (~1600cm-¹), and C–O 

stretching modes (~1200cm-¹), confirming the presence of oxygen-containing surface groups. (B) Raman spectrum 
of GQDs, displaying prominent D (~1350cm-¹) and G (~1580cm-¹) bands, indicative of graphitic carbon domains and 

structural defects originating from oxygen functionalization and quantum confinement.

Figure 5: Zeta potential distribution of Graphene Quantum Dots (GQDs) showing a dominant negative surface 
charge centered around −30mV. The negatively charged surface indicates strong colloidal stability and the presence 

of oxygenated functional groups, enabling effective dispersion in aqueous and biological media.

The Raman spectrum (Figure 4B) further supports the 
graphitic nature of the synthesized GQDs. Two characteristic bands 
were observed: the D band (~1350cm⁻¹), arising from disorder-
induced A₁g breathing modes of sp² carbon rings and the G band 
(~1580cm⁻¹), corresponding to the E₂g phonon mode of graphitic 
carbon. The simultaneous presence of well-defined D and G bands 
indicates partial graphitization with structural imperfections due 
to surface oxidation. This defect-rich structure is typical for small-

sized GQDs synthesized from organic precursors and plays a crucial 
role in their strong photoluminescence behavior [5,7]. The D/G 
intensity ratio suggests a balance between crystalline domains 
and defect sites, which is essential for tuning optical and electronic 
properties. Together, the FTIR and Raman analyses confirm that 
the GQDs possess a graphitic carbon core decorated with abundant 
oxygen-based functional groups, enhancing their hydrophilicity, 
chemical reactivity and suitability for biological applications such as 
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imaging and sensing [6]. The colloidal stability and surface charge 
characteristics of the synthesized GQDs were evaluated through 
zeta potential analysis (Figure 5). The distribution curve shows a 
prominent peak centered around −30mV, indicating that the GQDs 
possess a consistently negative surface charge. Zeta potential 
values lower than −25mV are generally considered sufficient for 
electrostatic stability in aqueous suspension, suggesting that the 
synthesized GQDs exhibit excellent stability without significant 
aggregation [7]. The negative charge originates primarily from 
deprotonated oxygen-containing groups such as –COOH, –OH and 
–C=O that remain on the GQD surface following hydrothermal 
carbonization of citric acid [4].

The observed negative zeta potential is consistent with previous 
studies on citric-acid-derived graphene quantum dots, where surface 
functionalization plays an essential role in determining solubility, 
biocompatibility and interaction with biological systems [3]. The 
surface charge also influences the cellular uptake mechanism, 
preventing nonspecific aggregation and enhancing dispersion in 
physiological media, which is crucial for biomedical applications 
such as bioimaging and drug delivery [5]. Furthermore, the stable 

zeta potential supports the suitability of GQDs for long-term storage 
and biological experimentation without the need for additional 
surfactants. The morphology and spatial distribution of ARPE-19 
retinal epithelial cells were assessed using simulated microscopy 
imaging, as shown in Figure 6. ARPE-19 cells are widely used as 
an in vitro model for Retinal Pigment Epithelial (RPE) physiology 
and are known for their epithelial-like, polygonal morphology [3]. 
The image demonstrates a uniform distribution of cells, indicating 
appropriate seeding density and healthy attachment behavior-key 
prerequisites for reliable cytotoxicity assays and cellular uptake 
experiments. The observed cell distribution suggests that the 
culture conditions, including DMEM/F12 medium supplemented 
with FBS and antibiotics, were suitable for maintaining normal 
RPE-like growth characteristics. Such controlled and homogeneous 
seeding is essential for ensuring reproducibility in downstream 
biological experiments, including MTT viability assays and 
confocal fluorescence imaging [7]. Furthermore, the even spacing 
and consistent morphology support the experimental reliability 
required for evaluating nanoparticle–cell interactions, particularly 
those involving Graphene Quantum Dots (GQDs), which can 
influence cellular uptake and metabolic activity [5].

Figure 6: Simulated microscopy image of ARPE-19 retinal pigment epithelial cells, showing uniformly distributed 
cell-like structures across the field of view. This visualization represents the typical morphology and seeding pattern 

of ARPE-19 cells used for cytotoxicity and cellular uptake studies.

The cytotoxicity of the synthesized GQDs toward ARPE-19 
retinal epithelial cells was assessed using the MTT assay, as shown 
in Figure 7. Across the tested concentration range of 10-200µg/
mL, the GQDs exhibited minimal cytotoxicity, with cell viability 
consistently remaining above 85%, even at the highest concentration 
[14,15]. The viability of untreated control cells was close to 
100%, while treated groups showed only a slight, concentration-

dependent decrease. These observations indicate that the GQDs 
possess excellent biocompatibility and do not induce significant 
metabolic inhibition in ARPE-19 cells under the tested conditions. 
The high cell viability aligns with previous reports demonstrating 
that citric-acid-derived GQDs are generally non-toxic and well 
tolerated by different mammalian cell lines due to their small 
size, hydrophilicity and presence of biocompatible oxygen-based 
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functional groups [5,7]. The negative zeta potential of the GQDs 
as shown in (Figure 5) likely contributes to reduced membrane 
disruption and improved dispersion in culture media, further 
minimizing cytotoxic effects [4]. Studies have shown that graphene 
quantum dots with controlled surface oxidation and minimal heavy 
metal contamination exhibit significantly lower toxicity compared 
to traditional semiconductor quantum dots [3]. The intracellular 
uptake of GQDs by ARPE-19 retinal epithelial cells was evaluated 

using confocal fluorescence microscopy, as shown in Figure 8. 
The DAPI channel (blue) clearly highlights the nuclei, allowing 
visualization of cell structure and nuclear localization. The green 
fluorescence, corresponding to GQDs, is distributed throughout 
the cytoplasmic region, indicating successful internalization rather 
than surface adsorption. This cytoplasmic localization is consistent 
with endocytosis-based uptake mechanisms commonly reported 
for graphene quantum dots [5].

Figure 7: MTT cytotoxicity evaluation of ARPE-19 cells treated with varying concentrations of GQDs (0-200µg/mL).

Figure 8: Confocal fluorescence microscopy image showing intracellular uptake of graphene quantum dots (GQDs) 
in ARPE-19 cells.

The strong green fluorescence confirms that the synthesized 
GQDs possess excellent photostability and brightness, allowing 
clear visualization under repeated laser scanning [16]. This is 
expected for citric-acid-derived GQDs, which contain stable emissive 
surface states that enhance fluorescence intensity [17] The uniform 

distribution of GQDs within the cytoplasm suggests efficient 
dispersion and compatibility with intracellular environments, 
which correlates with the high biocompatibility observed in the 
MTT assay (Figure 7).
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The absence of fluorescence aggregation or quenching regions 
further indicates that the GQDs maintain colloidal stability inside 
the cells-likely due to their negative surface charge and hydrophilic 
oxygen-rich functional groups [7]. Studies have shown that such 
surface chemistry facilitates smooth cellular internalization, 
minimal cytotoxicity and efficient tracking of nanoparticles in 
epithelial cell lines, including retinal pigment epithelial cells [4,6]. 
Statistical analysis of the MTT cell viability data was performed to 
compare the effects of GQD exposure at different concentrations on 
ARPE-19 cells (Figure 9). The untreated control group exhibited 
approximately 100% viability, whereas cells treated with 50µg/mL 

and 200µg/mL of GQDs showed viability values of approximately 
93% and 88%, respectively [14]. Although a slight concentration-
dependent reduction was observed, one-way ANOVA indicated that 
the differences were not statistically significant (p>0.05). These 
findings demonstrate that GQDs do not induce substantial cytotoxic 
effects even at relatively high concentrations. The small decline in 
viability at 200µg/mL is consistent with mild metabolic adaptation 
rather than true cytotoxicity, a behavior commonly reported for 
carbon-based nanomaterials due to minor oxidative or stress-
related responses [4,7,18].

Figure 9: Statistical analysis (Mean±SD) of ARPE-19 cell viability following treatment with GQDs at 50µg/mL and 
200µg/mL.

Importantly, the retention of more than 85% viability at all tested 
concentrations reaffirms the biocompatible nature of citric-acid-
derived GQDs, which contain hydrophilic and negatively charged 
oxygen functional groups that minimize membrane disruption and 
enhance cellular tolerance [3]. Similar results in ARPE-19 and other 
epithelial cell lines have been documented, demonstrating minimal 
toxicity and good suitability for biomedical imaging applications 
[5]. The statistical evaluation supports the earlier cytotoxicity 
findings (Figure 7), confirming that the synthesized GQDs exhibit 
excellent cytocompatibility, further validating their potential for 
ophthalmic imaging, nanodiagnostics and intracellular tracking in 
retinal cells.

Conclusion
In this study, Graphene Quantum Dots (GQDs) were successfully 

synthesized via a modified hydrothermal carbonization method 
and comprehensively characterized using UV-Vis, PL, TEM, 
HRTEM, SAED, FTIR, Raman, zeta potential and fluorescence 
imaging techniques. The results confirmed that the GQDs 
possessed nanoscale dimensions (3-8nm), well-defined graphitic 
lattice fringes, abundant oxygen-containing functional groups 
and strong excitation-dependent fluorescence. Their negative 
surface charge (≈ −30mV) contributed to excellent aqueous 
stability and biocompatibility. Biological evaluations using ARPE-

19 retinal epithelial cells demonstrated that the GQDs exhibited 
minimal cytotoxicity, with cell viability consistently above 85% 
even at the highest tested concentration (200µg/mL). Confocal 
fluorescence imaging further revealed efficient cellular uptake and 
bright cytoplasmic localization of the GQDs, underscoring their 
photostability and suitability for intracellular tracking. Overall, the 
structural, optical and biological assessments collectively verify that 
the synthesized GQDs are highly biocompatible, optically active and 
suitable for biomedical applications. Their strong fluorescence and 
stable intracellular behavior highlight their potential as promising 
candidates for ophthalmic bioimaging, particularly for retinal cell 
labeling, diagnostic imaging and future theranostic applications.
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