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ABSTRACT 

Many current cancer treatment options cause various side effects due to the harm they 
inflict on surrounding healthy tissue. Photothermal therapy provides an alternative form of cancer 
treatment with reduced side effects. In photothermal therapy, near-infrared light is used to heat up 
near-infrared absorbing materials that are localized to cancerous tissue to biologically detrimental 
temperatures. These materials must be biocompatible and able to produce enough heat to kill 
cancerous tissue when irradiated with infrared light. 

In this work, two near-infrared-absorbing materials, termed photothermal agents, are 
synthesized: reduced graphene oxide quantum dots and hyaluronic acid doped graphene quantum 
dots. These were determined to be relatively biocompatible by MTT assay. Solutions containing 
these quantum dots were irradiated with near-infrared light for 45 minutes. Both solutions heated 
from biological temperature (37 °C) to temperatures above 46 °C, while a solution of deionized 
water, irradiated as a control, had a temperature increase of only 0.5 °C during the 45 minutes. 
Additionally, in vitro studies of these materials demonstrated their ability to induce hyperthermia 
in cancer cells upon ten minutes of low-energy laser ablation. HeLa cells treated with solutions of 
these materials had a reduction in cell viability from above 80% to below 40% following ten 
minutes of infrared laser irradiation. Overall, reduced graphene quantum dots and hyaluronic acid 
doped quantum dots were determined to be photothermal agent candidates because of their relative 
biocompatibilities coupled with efficient production of heat upon irradiation with near-infrared 
light.  
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INTRODUCTION 

Current Radiation Therapies 

 Cancer remains one of the deadliest diseases, annually leading to almost ten million deaths 
worldwide.1 Most current cancer treatment options cause a plethora of side effects, as they 
inevitability affect both healthy and cancerous tissue.2,3 One branch of cancer treatment is radiation 
therapy, of which the main goal is to deprive cancer cells of their multiplication potential by 
damaging their DNA.4 This thesis looks at current modes of radiation therapy and a possible 
alternative option for radiation with reduced damage to healthy cells. 

In the most common form of radiation therapy, high energy electromagnetic waves, such 
as X-rays or gamma rays, are used to ablate cancer cells. These waves stop cancer cell proliferation 
and trigger cell-death by depositing energy from their photons in the malignant tissue. They do so 
by transferring energy to electrons in a process called Compton scattering.5 Deposited photons 
either kill the cell directly by degrading DNA or indirectly by forming hydroxyl free radicals when 
electrons attach onto water molecules contained in the cell (Figure 1). 

 

Figure 1. The direct and indirect effects of X-ray and gamma ray radiation on DNA. Incident 
photons transfer their energy to electrons in a process called Compton scattering. These electrons 
can damage DNA via direct interaction with it or indirectly by forming hydroxyl free radicals that 
induce damage. Figure taken from reference #6. 

Controlling the site at which energy from external X-ray and gamma ray beams is deposited 
is difficult. Multiple beams that vary in their entrance sites may be used so that they are 
superimposed over the cancerous tissue, thus, delivering the maximum dosage there.7 However, 
these beams inevitably deposit energy in healthy cells prior to reaching malignant tissue (the entry 
dosage) and after passing through the cancerous tissue (the exit dosage) (Figure 2). The deposition 
of high levels of energy in non-cancerous tissue can lead to future cancer development in 
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surrounding sites and local side-effects for patients undergoing high-energy radiation therapies. 
Thus, cancer-specific radiation treatments are an active area of scientific inquiry. 

 

Figure 2. Traditional X-ray radiation therapy. Two beams are used to administer a higher dosage 
of radiation therapy to the cancerous tissue. However, surrounding tissue is still damaged via the 
entrance and exit beams. This leads to side effects in patients to whom this therapy is 
administered. Figure adapted from reference #8. 

Photothermal Therapy 

One possible alternative to current modes of radiation therapy is called photothermal 
therapy (PTT). Overall, PTT has low costs, high specificity, and reduced side-effects for normal 
tissues.3 Instead of high-energy X-ray or gamma ray radiation sources, photothermal therapy uses 
near infrared light (wavelength ~1,000 nm)—which is significantly lower in energy—to heat and 
kill cancer cells. Figure 3 shows the electromagnetic spectrum for comparison of the energies of 
X-rays/gamma rays and infrared light. In photothermal therapy, agents that absorb near-infrared 
light are localized to cancerous tissue. These materials, termed photothermal agents, absorb energy 
from photons when they are shone with near infrared light and dissipate it in the form of heat to 
trigger cancer cell death.2 Figure 4 shows a schematic for how photothermal therapy works to kill 
cancer cells. 

 

Figure 3. The electromagnetic radiation spectrum. Gamma ray and X-ray radiations have the 
highest energies, while infrared radiation has lower energy than visible light. Because highly 
energetic waves interact with and damage biological tissue, gamma rays and X-rays are more 
damaging to cells than infrared light.  
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Figure 4. How photothermal therapy kills cancer cells. A photothermal agent is injected into 
cancerous tissue. Cancerous cells, now containing photothermal agent, are irradiated with near 
infrared light. The photothermal agent absorbs the infrared radiation and converts it to thermal 
(heat) energy. This heats the cancerous cells to biologically detrimental temperatures, selectively 
killing them.  

Photothermal therapy may be an effective approach to specifically target cancerous tissue 
for multiple reasons. First, using a relatively low-energy radiation source—such as near infrared 
light—reduces surrounding cell damage caused by the entrance and exit doses. Additionally, 
cancer cells are less resistant to elevated temperatures compared to healthy cells due to their 
compromised DNA-repair mechanisms.9 DNA repair pathways are commonly mutated in cancers, 
rendering them more vulnerable to DNA damage caused by radiation therapies.10 Cell death for 
cancerous tissue due to PTT is generally accomplished when the cancerous tissue is exposed to 
temperatures above 42 °C.11 Thus, photothermal agents must be capable of heating tissues to 42 
°C or higher for hyperthermia-induced cancer cell death.  

Photothermal therapy has been mostly limited to preclinical studies. Several studies have 
been done in vivo, using mice as a model organism. In one of these, PTT treatment effectively 
ablated tumors that had been injected with photothermal agent and irradiated with an 808 (near-
infrared) nm laser for twenty minutes, daily, over a five-day-period.12 In the week following 
treatment, there was no regrowth of tumor. Additionally, there were two control groups: one 
treated with only the laser (not injected with photothermal agent) and one treated only with 
photothermal agent (not irradiated with the laser). Both control groups experienced rapid tumor 
growth over the testing period. Thus, this study indicates PTT alone could be an effective cancer 
treatment. Another in vivo study established that PTT could be used as an adjuvant therapy 
following breast-conserving surgery to reduce the risk of local cancer recurrence.13 In addition to 
these in vivo studies demonstrating the efficacy of PTT as an effective cancer treatment, many 
studies of photothermal therapy largely focus on the development of efficient photothermal 
agents.14 
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Additionally, a few clinical trials have demonstrated PTT as an effective cancer treatment. 
In a 2019 phase I clinical trial using photothermal therapy to treat prostate cancer, optical fibers 
that emitted near-infrared light and near-infrared-absorbing gold nanoparticles were placed in 19 
patients at the site of cancer. Of these 19 people, 94% of patients had tumors that were successfully 
ablated with no serious complications and no marked change in symptom score.14 Overall, PTT 
may offer an effective mode of radiation therapy with fewer side effects than traditional therapies. 

Photothermal Agents 

For PTT to transition to clinical application, biocompatible photothermal agents capable of 
heating cancerous tissues to temperatures above 42 °C upon near-infrared irradiation must be 
identified. Efficient photothermal agents must have certain absorptive qualities: high levels of light 
absorption at the wavelength of light used for treatment and a high photothermal conversion 
efficiency, or the ability to convert absorbed light to heat.14 Additionally, they must be minimally 
toxic to surrounding healthy tissue and have good biocompatibility.14 Potential photothermal 
agents can be classified into several types: organic dye molecules, organic nanoparticles, gold 
nanomaterials, carbon-based materials, and inorganic nanomaterials (Figure 5).11,14 Among these 
agents, organic materials are often relatively biocompatible; however, they have limitations such 
as low photothermal conversion efficiency. Inorganic and noble metal materials usually have the 
opposite properties: low biocompatibility and high photothermal conversion efficiency.11 Some 
carbon-based nanomaterials may offer a combination of high photothermal conversion efficiency 
and biocompatibility.  

 

Figure 5. Classes of potential photothermal agents. Figure taken from reference #11. 
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  Generally, nanosized (between 1 and 100 nm in diameter) photothermal agents achieve 
higher photothermal conversion efficiency than small-molecule agents.11 Additionally, 
nanoparticles accumulate at tumor sites due to the enhanced permeability and retention effect: a 
large concentration of nanoparticles passively accumulates at tumor sites because they are small 
enough to enter via leaky vasculature endogenous to cancerous tissue.15 Traditionally, research on 
nanosized materials has focused on noble metal and semiconductor nanoparticles as photothermal 
agents, which usually have high cytotoxicity.11 However, recently there has been an emphasis on 
developing nanoparticles with lowered cytotoxicity. 

A possible avenue of biocompatible nanoparticle development is carbon-based 
nanomaterials. Carbon-based nanomaterials have become a focus of nanoparticle research since 
they were first observed in 1991.16 Carbon nanomaterials are a diverse species with various 
structures, functionalization, and biomedical applications. Figure 6 provides a depiction of several 
prominent carbon-based nanomaterials. Out of these, carbon nanotubes and graphene-based 
nanoparticles have attracted attention as possible PTT agent candidates due to their high optical 
absorption in the NIR region and high surface area.11 However, carbon nanotubes have limited 
clinical applications because they have high accumulation in tissue and a long excretion time (more 
than 7 days).17 Graphene-based nanomaterials have shown low cytotoxicity and high photothermal 
conversion efficiency in several studies.14,18-21 Thus, graphene-based nanomaterials are candidates 
for efficient PTT agents.  

 

Figure 6. Various carbon-based nanoparticle structures. Carbon nanomaterials are highly diverse 
and offer many biomedical applications based on their specific properties. Figure taken from 
reference #22.  
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Graphene Quantum Dots as Photothermal Agents 

Herein, graphene and its derivatives are explored as possible photothermal agents. 
Graphene is an allotrope of carbon made up of a flat, honeycomb structure of sp2-hybridized 
carbons. Oxidation of graphene gives rise to graphene oxide, which is a heavily oxygenated 
derivative of graphene. Reduction of graphene oxide results in reduced graphene oxide, which has 
less oxygen-functionalization. The process of converting graphene into its two derivatives is 
shown in Figure 7. Doping the surface of graphene with oxygen-containing groups allows for it 
to be functionalized with other molecules, which can be useful for cancer-targeting applications 
and increasing biocompatibility.23 The higher level of functionalization in graphene oxide than 
reduced graphene oxide decreases its capability as a thermal conductor, which lowers its 
photothermal conversion efficiency.24 Reduced graphene oxide is an allotrope of carbon that offers 
facile functionalization, unlike pure graphene, and a higher photothermal conversion efficiency 
than graphene oxide. Thus, reduced graphene oxide is a better candidate as a photothermal agent 
than are graphene and graphene oxide.   

 

Figure 7. Functionalization of graphene with oxygen-containing groups. Graphene can be 
oxidized to give graphene oxide, which can be reduced to produce reduced graphene oxide. 
Figure adapted from reference #25. 

Quantum dots, which are a class of nanoparticles considered to be zero dimensional due to 
their small size (typically between two and ten nanometers), exhibit interesting absorptive 
properties. This is mostly because they exhibit the quantum confinement effect.26 The quantum 
confinement effect is a phenomenon in which an electron confined to a space only a few 
nanometers in dimension experiences a broadening of the possible energy levels that it can occupy. 
This is due to the Heisenberg uncertainty principle: that both the position and speed of a particle 
cannot be known with perfect accuracy.26-28 Reduced graphene oxide can be used to prepare 
reduced graphene oxide quantum dots. Reduced graphene oxide quantum dots are single sheets of 
reduced graphene oxide with lateral dimensions below ten nm. A representative structure of a 
reduced graphene oxide quantum dot is given in Figure 8. These frameworks combine the thermal 
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conduction properties of reduced graphene oxide with the absorptive properties generally 
attributed to zero-dimensional quantum dots. 

 

Figure 8. Representative structure of a reduced graphene oxide quantum dot. Functionalization 
with a hydroxyl (OH) group is shown. However, reduced graphene oxide quantum dots prepared 
from reduced graphene oxide frequently have methyl, epoxide, and carboxylic acid functional 
groups, as well. These quantum dots are not heavily functionalized with oxygen-containing 
groups, as reduced graphene oxide quantum dots are more reduced than graphene oxide quantum 
dots.  

Additionally, graphene quantum dots have been shown to have reduced cytotoxicity as 
compared with other carbon-based nanomaterials. One study following functionalized graphene 
quantum dot degradation and excretion determined that by 32 hours quantum dots are fully or 
partially degraded.2 Graphene-based quantum dots have faster degradation and excretion following 
internalization than many other carbon-based nanostructures. This limits their off-target 
accumulation and damage to healthy cells, which has been a barrier for other carbon-based 
nanomaterials to transition to widespread clinical use. Additionally, previous studies have shown 
that reduced graphene oxide quantum dots have high biocompatibility—unlike their reduced 
graphene oxide parent material.29 Thus, reduced graphene oxide quantum dots and functionalized 
graphene oxide quantum dots are strong candidates for PTT agents, as they are biocompatible and 
have several properties that increase their photothermal conversion efficiency.  

This study characterizes the potential of two derivatives of graphene quantum dots—
reduced graphene oxide quantum dots and hyaluronic acid doped graphene quantum dots—as 
photothermal agents. The reduced oxide graphene quantum dots (RGQDs) have a scalable 
synthesis, exhibit NIR absorbance, and are highly biocompatible.26 The other characterized 
graphene quantum dots are doped with hyaluronic acid (HA). Hyaluronic acid is an acidic 
mucopolysaccharide whose backbone is endowed with tumor targeting parts that specifically 
recognize CD-44, a surface adhesion receptor that is highly expressed in many cancers and 
involved in cancer cell dissemination and metastasis.30 Figure 9 gives the structure of hyaluronic 
acid. Therefore, HA-doped architectures can potentially specifically target cancer cells that exhibit 
this upregulation of CD-44 receptors. 
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Figure 9. Hyaluronic acid structure. Figure taken from reference #31. 

The two samples of quantum dots are synthesized via different approaches. For RGQDs, a 
top-down synthetic method is applied: a larger material is chemically cut down to the size of 
quantum dots (~5 nm). In the second synthetic approach, a bottom-up method is used to prepare 
hyaluronic acid-doped graphene quantum dots: quantum dots are prepared from joining of basic 
units. This paper describes RGQDs and HA doped graphene quantum dots (HA-GQDs), 
synthesized via a top down and bottom-up approach, respectively, as effective agents for 
photothermal therapy.  

EXPERIMENTAL 

Chemicals and Materials 

Reduced Graphene Oxide Quantum Dots. RGQDs were prepared from reduced graphene oxide, 
purchased from Graphene Supermarket (SKU: HP-RGO-025G). The reduced graphene oxide 
particles that were purchased for use in the synthesis of RGQDs were in monolayers with lateral 
sizes between three and ten microns. The RGQDs were synthesized via a top-down approach by 
chemically cutting reduced graphene oxide into smaller pieces to obtain quantum-dot-sized 
materials. Chemical scission was achieved via oxidation of the reduced graphene oxide using 
sodium hypochlorite. A solution of sodium hypochlorite, which is commonly known as bleach, 
was purchased from LabChem (SKU: LC246304, 5% w/v). The products were purified with 
dialysis using a 1 kDa dialysis bag (Repligen, SKU: 132104). 

Hyaluronic Acid Graphene Quantum Dots. Hyaluronic acid quantum dots were prepared via a 
bottom-up approach: a larger structure was assembled from basic units. The precursor material 
used as a building block for HA-GQDs was a powdered sample of 5 kDa hyaluronic acid (HA5K-
5), purchased from Lifecore Biomedical. The samples were centrifuged to purify with a 
HighSpeed™ Microcentrifuge purchased from Southwest Science (SKU: SC1024).  
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Methods 

General Methods. Transmission electron microscopy (TEM, JEOL JEM-2100, MA, USA) with 
energy dispersive X-ray analysis (EDX, JEOL, MA, USA) was used on a carbon-coated 200 mesh 
copper grid (Electron Microscopy Sciences, CF300-CU, PA, USA) on which samples were air-
dried. A discussion on TEM and EDX follows in the “Instrumentation” section. 

Top-Down Synthesis of Reduced Graphene Oxide Quantum Dots. RGQDs were synthesized via a 
top-down approach by oxidation and scission of high porosity reduced graphene oxide. Reduced 
graphene oxide was dispersed in deionized (DI) water at a concentration of 0.25 mg/mL. Sodium 
hypochlorite (1 mL, 5% w/v) was added into the aqueous reduced graphene oxide suspension. The 
vials were shaken, capped, and allowed to react in the dark for two days. The products were 
purified via dialysis in DI water for 24 hours. The water was changed every 30 minutes during the 
first 3 hours and every 7 hours for the remaining time. The solution was passed through a 0.22 µm 
syringe filter to remove any unreacted reduced graphene oxide.  

Bottom-Up Hylauranic Acid Doped Graphene Oxide Quantum Dots. The powdered sample of 
hyaluronic acid was heated to 300 °C for five minutes on a hot plate. After cooling to room 
temperature, the sample was centrifuged, and the precipitate was discarded. The supernatant was 
further centrifuged with a 10 kDa centrifugation filter to remove unreacted hyaluronic acid. The 
solution was passed through a 0.22 µm syringe for additional purification. 

Cell Culture. HeLa cells were utilized for in vitro studies. These cells were cultured using complete 
medium consisting of DMEM (D6046, Sigma-Aldrich, MO, USA) supplemented with 10% FBS 
(16140-063, Gibco, Dublin, Ireland), L-Glutamine (G7513, Sigma-Aldrich, MO, USA), non-
essential amino acid solution (M7145, Sigma-Aldrich, MO, USA), and 1% penicillin/streptomycin 
(P4333, Sigma-Aldrich, MO, USA). The cell culture was held in an incubator at 37 °C with 5% 
CO2 (Midi CO2, Thermo Scientific, MA, USA).  

Cell Viability MTT Assay. To assess the biocompatibility of the RGQDs and HA-GQDs, an MTT 
(3-(4–dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) assay (Invitrogen M6494, Thermo 
Fischer Scientific, MA, USA) was performed. Into each well on a 96-well plate, 5,000 cells per 
200 µL were seeded and held in the incubator. After 24 hours of incubation, complete medium in 
the 96 well plate was replaced with 100 µL of 1 mg/mL of MTT and stored in the incubator for 
four hours. The MTT was replaced with 100 µL of DMSO and placed on an orbital shaker for 5 
minutes prior to absorption measurements from a plate reader (μQuant, BioTek Instruments, VT, 
USA). 
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Photothermal Conversion Characterization. To characterize the photothermal effect of the 
prepared graphene quantum dots, separately, 3 mL of aqueous RGQDs at 1.5 mg/mL and HA-
GQDs at 1.7 mg/mL (the maximum concentrations with >80% cell viability from MTT assays) 
were irradiated with a 0.8 W/cm2 808 nm laser (808MD-12V-BL, Q-BAIHE, China) for 45 
minutes. DI water was irradiated as a control. These experiments were performed in an oven, held 
at biological temperature (37 °C), while the suspensions were magnetically stirred. Temperature 
measurements were taken every fifteen seconds with a K-type thermocouple, whose temperature 
probe was submerged in the solution. Three trials were measured for each material at the given 
concentrations. Figure 10 gives a diagram of the experimental set-up. 

 

Figure 10. Photothermal conversion characterization experimental set-up. A laser is set to irradiate 
the given sample for 45 minutes inside an oven held at biological temperature (37 °C).  

Automated Laser Irradiation and Temperature Measurement on Cell Cultures Using Synthesized 
Graphene Quantum Dot Samples as Photothermal Agents. To test the photothermal capability of 
the synthesized graphene quantum dots in vitro, HeLa cells were treated with RGQDs at a 
concentration of 1.5 mg/mL and HA-GQDs at 1.7 mg/mL for 24 hours. These cells were held at a 
starting temperature of 37 °C. They were irradiated with a 0.8 W/cm2 808 nm laser (808MD-12V-
BL, Q-BAIHE, China) for zero, one, five, and ten minutes. The temperatures of the cells were 
recorded following irradiation using a T-type thermocouple (TL0024, Perfect Prime, NY, USA). 
Additionally, as a control, untreated HeLa cells were irradiated for ten minutes. To assess cell 
viability, an MTT assay was performed on HeLa cells after laser ablation and temperature 
measurements. All measurements were automatically taken, using a retrofitted 3D printer (CR-
10mini, Creality, Shenzhen, China), equipped with the laser and thermocouple attached to the 
extruder component of the 3D printer. The 3D printer was placed inside a biosafety hood (Forma 
1284, Thermo Fisher Scientific, MA, USA) with a DI water reservoir to maintain the humidity of 
the biosafety hood environment. An iterative code (written in G-code) was written to set the 
temperature of the heat bed of the 3D printer to biological temperature (37 °C), position the laser 
and thermocouple at individual wells, and turn on the laser. A wireless data logger thermometer 
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software (TC0521, Perfect Prime, NY, USA) was used to collect the temperature measurements 
acquired by the thermocouple.  

Instrumentation 

Transmission Electron Microscopy. Transmission electron microscopy (TEM) was used to 
determine the size and morphologies of the prepared quantum dot samples. In TEM, an electron 
beam is passed through an ultrathin sample and forms an image on a photographic plate.32 This 
provides a direct image of the nanoparticle on an atomic scale. Figure 12 provides a depiction of 
how images are produced using TEM. 

 

Figure 12. Basic set-up for a transmission electron microscope. Electrons are accelerated as they 
pass through an anode. Through the lens, they are focused into a beam that passes through a thin 
layer of sample. The sample interacts with and absorbs the beam. After passing through sample, 
the beam is focused onto a fluorescent screen, which reads the absorbance pattern of the beam. 
Figure taken from reference #33. 

Energy Dispersive X-ray Spectroscopy. Energy dispersive X-ray (EDX) spectroscopy, which is an 
analytical method used to determine relative quantities of elements in a sample, was used to 
characterize the two samples of quantum dots.34 In EDX, a beam of high energy particles, like 
protons or electrons, is focused on the sample. When the beam and sample interact, X-rays are 
emitted. Different elements interacting with the particle beams produce X-rays that are different 
in energy. These energies are detected and read into a computer, which produces a spectrum with 
peaks correlating to the different energies of X-rays emitted. The intensity of each spectral peak 
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corresponds to the relative quantity of a given element in a sample. Figure 11 shows a diagram of 
how EDX works to determine the relative abundance of each element present in a sample. 

 

Figure 11. Energy dispersive X-ray spectroscopy. An electron beam is focused on a sample. This 
beam interacts with elements in the sample to produce X-rays at given energies for each element. 
The X-rays are detected, amplified, and read into a computer. The computer gives a spectrum with 
peaks corresponding to different relative abundances of elements in a given sample based on the 
intensity of different energies of X-rays that reach the detector. Figure taken from reference #34. 

RESULTS AND DISCUSSION 

Results 

Characterization of Graphene Oxide Quantum Dots. The morphologies of the synthesized RGQDs 
and HA-GQDs were characterized via TEM. The size of RGQDs and HA-GQDs are on the 
nanometer scale (Figure 12). Their size range is what would be expected for quantum dots. 
Furthermore, both quantum dots have a crystalline structure with an interplanar distance of 0.21 
nm, which is characteristic of the lattice spacing in graphene.35 Additionally, these were 
characterized via EDX elemental analysis. From the EDX spectroscopy, the synthesized RGQDs 
were comprised of 91.3% carbon and 8.7% oxygen; the HA-GQDs contained less oxygen 
functionalization with 98.1% carbon and 1.9% oxygen relative elemental composition. The 
presence of oxygen functional groups in the quantum dots makes them amenable to 
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functionalization with other structures.23 Overall, the TEM images and EDX spectroscopy confirm 
that the synthesis of oxygen-functionalized graphene quantum dots via a top-down approach (for 
RGQDs) and a bottom-up approach (HA-GQDs) was successful.  

 

Figure 12. Transmission electron microscopy images of (A) RGQDs and (B) HA-GQDs. These 
show the sizes of the two quantum dot samples are on the nanometer scale.  

Cell Viability Assay. Prior to assessment of the synthesized GQDs as photothermal agents, an MTT 
assay was performed to assess the biocompatibility of the RGQDs and HA-GQDs. Figure 13 
graphically shows the results of the MTT assay. Measurements of cell viability are given for cells 
treated with increasing concentrations of GQDs. Cells treated with a concentration of 1.5 mg/mL 
and 1.7 mg/mL give ~80% viability for RGQDs and HA-GQDs, respectively. Thus, these 
concentrations were used in following characterizations of the photothermal effect of the 
synthesized GQD photothermal agents.  
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Figure 13. MTT assay of HeLa cells with (A) RGQDs and (B) HA-GQDs. For RGQDs, cell 
viability remained above 80% at a concentration of 1.49 mg/mL RGQDs; for HA-GQDs, cell 
viability remained above 80% at a concentration of 1.72 mg/mL HA-GQDs.  

Photothermal Conversion Characterization. The photothermal effect of the two synthesized 
GQDs was measured in aqueous solution in a cuvette at 1.5 mg/mL and 1.7 mg/mL concentrations 
of RGQDs and HA-GQDs, respectively. In contrast to previously published works, the 
photothermal effect at biological temperatures is modeled. The temperature measurements show a 
10 °C increase for the solution of RGQDs (final measured temperature of 47 °C) and a 9 °C 
increase in temperature for the solution of HA-GQDs (final measured temperature of 46 °C). A 
control sample of water was irradiated under the same experimental conditions for 45 minutes. 
During which time, the water had a 0.5 °C increase in temperature (from an initial temperature of 
36.8 °C to 37.3 °C). To ensure their stability as photothermal agents, each sample underwent three 
cycles of laser irradiation, as indicated by the error bars in Figure 14. From this experiment, 
RGQDs are more stable than HA-GQDs as photothermal agents, as there was less change in 
collected data over several trials for the RGQDs than the HA-GQDs.  
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Figure 14. Temperature vs. time of irradiation of (A) RGQDs (1.5 mg/mL) and (B) HA-GQDs 
(1.7 mg/mL) with a 0.8 W/cm2 808 nm laser irradiation. Measurements were taken every fifteen 
seconds over a 45-minute period. The 1.5 mg/mL sample of RGQDs (A) had a change in 
temperature of 10 °C to a final temperature of 47 °C. The 1.7 mg/mL sample of HA-GQDs (B) 
had a change in temperature of 9 °C to a final temperature of 46 °C. A pure sample of DI water 
(C) was irradiated for 45 minutes as a control. The change in temperature for the control was 0.5 
°C to a final temperature of 37 °C. 

Automated Laser Irradiation and Temperature Measurement on Cell Cultures using synthesized 
GQDs as the photothermal agent. The results of laser irradiation of the cell cultures treated with 
RGQDs and HA-GQDs are given in Figure 15. The untreated cells irradiated for ten minutes 
underwent an increase in temperature of <2 °C from 37.0 °C to 38.7 °C with 99.9 ± 1.1 % cell 
viability. Contrastingly, there was a large decline in cell viability of HeLa cells treated with the 
RGQDs and HA-GQDs with increasing irradiation time. Prior to irradiation, both samples had 
greater than 80% cell viability. For RGQDs, irradiation of ten minutes resulted in a measured final 
temperature of 43.5 ± 0.1 °C and 38.2 ± 4.3% cell viability. For HA-GQDs, ten minutes of laser 
irradiation resulted in a final measured temperature of 54.5 ± 0.3 °C and 22.9 ± 1.8 %.  
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Figure 15. In vitro characterization of quantum dots as PTT agents. Results are shown for HeLa 
cells treated with aqueous solutions of (A) RGQDs (1.5 mg/mL) and (B) HA-GQDs (1.7 mg/mL) 
and irradiated for zero, one, five, and ten minutes. Following treatment with RGQDs and laser 
irradiation for ten minutes, the HeLa cells were at a measured final temperature of 43.5 ± 0.1 °C 
and only 38.2 ± 4.3% cell viability (A). For HA-GQDs, ten minutes of laser irradiation resulted in 
a final measured temperature of 54.5 ± 0.3 °C and only 22.9 ± 1.8 % (B). Cells untreated with 
graphene quantum dots were irradiated as a control for ten minutes (C). Following irradiation, the 
cells were at a temperature of 38.7 °C and had a viability of 99.9 ± 1.1%. This demonstrates that 
RGQDs and HA-GQDs can both be used as PTT agents to induce cell death.  

Discussion 

 In this experiment, nanometer-sized GQDs were synthesized as photothermal agents via a 
top-down approach to give RGQDs and a bottom-up approach to give HA-GQDs. Both syntheses 
were simple and scalable, using two widely available precursor materials: reduced graphene oxide 
and hyaluronic acid. The two synthesized graphene quantum dot samples were characterized with 
TEM images and EDX spectroscopy. From the TEM images, both quantum dot samples had sizes 
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on the nanometer scale and resembled interatomic spacing of a graphene structure. As determined 
by EDX spectroscopy, the RGQDs had a higher level of functionalization with oxygen-containing 
functional groups (9.1% relative abundance of oxygen) than the HA-GQDs (1.9% relative 
abundance of oxygen). These characterization results of the two prepared samples support that 
graphene quantum dots were successfully synthesized via top-down and bottom-up methods. 

The MTT assay results for each of these GQDs show that they are relatively biocompatible 
in HeLa cells, giving cell viabilities above 80% for treatment of cells with 1.5 mg/mL solutions 
for RGQDs and 1.7 mg/mL solutions for HA-GQDs. These concentrations represent a higher 
biocompatibility than most other carbon-based nanoparticle formulations. For example, one study 
on carbon nanotubes resulted with below 80% cell viability on MTT assays at concentrations of 
carbon nanotubes of 0.010 mg/mL.36 Thus, these oxygen-functionalized graphene quantum dots 
may be more suitable as photothermal agents than other carbon-based nanoparticles based on their 
higher biocompatibilities. These concentrations (1.5 mg/mL for RGQDs and 1.7 mg/mL for HA-
GQDs) were used in following experiments to characterize the potential of these materials as 
photothermal agents.  

 Aqueous solutions of RGQDs and HA-GQDs in a 37 °C environment were irradiated with 
an 808 nm laser. The temperature of the solutions was taken every fifteen seconds over a 45-minute 
period. During which time, the samples of RGQDs and HA-GQDs reached respective maximum 
temperatures of 47 and 46 °C. The DI water control had only a 0.5 °C change in temperature over 
45 minutes of laser irradiation. Furthermore, both quantum dot formulations were photothermally 
stable after three cycles of laser excitation. This suggests that the quantum dots have high 
photothermal conversion efficiency and are stable upon irradiation. Thus, these quantum dot 
formulations can be used as photothermal agents to heat cancer cells to biologically detrimental 
temperatures upon laser irradiation.  

Automated in vitro photothermal experiments using the graphene quantum dots as 
photothermal agents were performed using a retrofitted 3D-printer. There was a substantial 
decrease in cell viability for HeLa cells treated with the two solutions of GQDs and irradiated for 
ten minutes with a low power 808 nm laser. Cell viability was reduced to 38.2 ± 4.3% for cells 
treated with RGQDs (1.5 mg/mL) and 22.9 ± 1.8 % for cells treated with HA-GQDs (1.7 mg/mL). 
Trials run as controls—cells untreated with quantum dot formulations—resulted in 99.9% ± 1.1% 
cell viability following ten minutes of laser irradiation. This suggests that the laser alone is not 
capable of inducing appreciable levels of hyperthermia-induced cell death. Thus, for clinical 
applications of PTT, it is expected that the laser will not cause large amounts of off-target cell 
damage.  
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CONCLUSION 

Photothermal therapy represents a possible avenue of cancer treatment with reduced side 
effects due to minimal damage to surrounding tissue. One large barrier to the transition of 
photothermal therapy to the clinic is the need for development of photothermal agents with low 
cytotoxicity and high photothermal conversion efficiency. RGQDs and HA-GQDs were 
successfully synthesized via top-down and bottom-up approaches. These quantum dots were 
determined to meet multiple criteria as effective photothermal therapy agents: the MTT assay 
results show they are biocompatible; the three rounds of oven experiments suggest photostability; 
and they showed high photothermal conversion efficiency with the temperatures measured 
following ten minutes of irradiation of GQD-treated cell cultures. In vitro characterization of these 
as photothermal agents resulted in cell viability reduced from above 80% to below 40% following 
one ten-minute laser irradiation treatment using near infrared light. These studies were successful 
in identifying RGQDs and HA-GQDs as possible candidates for photothermal agents with 
increased biocompatibility. 
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