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Abstract
Antibacterial resistance is one of the greatest problems in modern medicine, as
healthcare professionals are experiencing more and more difficulty in providing effective
care. As such, alternative methods of treatment are needed in order to overcome this
issue. One recently proposed method of alternative treatment is photodynamic therapy.
Photodynamic therapy is a light-based method of treatment that utilizes (1) a
photosensitizing agent, (2) light, (3) produced oxygen species. When the photosensitizing
agent is injected into an infected region of interest and then irradiated with a certain
wavelength of light, the agent is photoactivated and begins to produce harmful forms of
oxygen, including reactive oxygen species. The oxygen species can then deactivate
surrounding malignant cells, thus providing an effective form of antibacterial care.
In this work, new forms of photosensitizing agents are discussed. One project
involves the combination of graphene quantum dots (GQDs) with Methylene Blue (MB)
as a more effective and efficient photosensitizing agent. The second project investigates
the use of aluminum nanoparticles as an alternative agent. In both works, a Nd:YAG
nanosecond pulsed laser was used to irradiate the samples for varying periods of time,
and then following proper characterization procedures, the samples were combined with
bacterial cultures to test the level of bacterial deactivation.
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SECTION ONE
Introduction
Antibiotic resistance to numerous diseases is one the biggest threats to modern
medicine. New methods of treatment are thus needed to continue to supply adequate
healthcare. Photodynamic therapy is one novel method of treatment that has gained
momentum in recent literature due to its many favorable aspects when treating ailments.
Photodynamic therapy has shown much promise in its potential to serve as an aid in a wide
variety of diseases, and has even been implemented in recent medicine as a treatment plan
for certain illnesses1.
Photodynamic therapy, or PDT, is a light-based therapy that has recently been
reported to successfully treat ailments such as cancer and wound infections2. PDT relies on
the use of a photosensitizing agent, a material that naturally accumulates in areas with
malignant cells such as in cancerous tumors or in areas of infection3. During treatment, the
photosensitizing agent is injected into the area of infection and is irradiated with a certain
wavelength of light, preferably such a wavelength to maximize the response from the
photosensitizing agent. After activation, the excited photosensitizer will begin to react and
produce toxic oxygen species, such as reactive oxygen species1. The oxygen species can
then be used to deactivate surrounding malignant cells. As shown by Muller-Breitkreutz et
al., singlet oxygen can also be used to deactivate virucidal strains as well4.
In comparison to previous treatment methods, PDT provides many advantages. Due
to the necessity of applying the photosensitizing agent, PDT offers a highly targeted
treatment, as only the infected areas of interest need receive the agent1. PDT is also non-

1

invasive, as the light that excites the agent can be shone on the skin alone. Finally, many
photosensitizers are relatively cheap to fabricate.
One of the first widely-used photosensitizing agents was Photofrin, with several
other derivatives being produced after the initial success of this agent5. However, these
standard agents had poor chemical and optical properties that made use in photodynamic
therapy less effective5. Recent literature has thus proposed quantum dot materials as a
solution to these issues.
Quantum dots refer to materials that are less than 20 nm in diameter and are
typically composed of ceramic or metallic materials3. Quantum dots offer many benefits
that are preferential for PDT. In comparision to previous chemical photosensitizers,
quantum dots are biocompatible, can be functionalized to increase efficacy, and can also
be used in conjunction with other photosensitizers to encourage maximum effectiveness6.
The size and composition of quantum dots determines the wavelength of light that they
will most efficiently transmit energy, and thus they can be highly tuned for specific
applications5. Due to the fact that light in the near-IR range has low scattering, quantum
dots fabricated to accept light at this wavelength can be used to probe distances on the order
of a few centimeters, thus allowing deeper malignant cells such as tumors to be reached5.
The mechanism of semiconductor quantum dots functions by passing energy to
surrounding material, which can be used to amplify the reaction of photosensitizers when
used in combination with these materials7. Due to this amplification of energy ability,
semiconductor quantum dots can also be used at lower wavelengths to encourage reactions
in which typically there would be none due to incompatibility of bandwidth. In Samia et
al., a cadmium-selinide based photosensitizer was tested for its ability to produce high2

levels of singlet oxygen, with favorable results5. However, the problem with this material
and several other inorganic compounds is that their toxicity is not well documented, and
thus these materials can prove toxic to healthy cells as well once in the bloodstream6.
Carbon-based quantum dots have thus been used instead as a biocompatible form of a
semiconductor material.
Carbon Quantum Dots
Carbon-based quantum dots provide a low-toxicity form of standard semiconductor
photosensitizers. They are typically fabricated in sizes less than 10 nm in length, yielding
excitation at wavelengths in the UV region8. Carbon-based quantum dots are also relatively
simple and low-cost to fabricate, have high absorption of light at lower wavelengths, and
have a high extinction length. Carbon quantum dots absorb energy in high quantities under
low-intensity light, which makes the material desirable for medical applications. To even
further improve on the characteristics of carbon-based quantum dots, graphene quantum
dots have been the subject of recent investigations in PDT.
Graphene quantum dots, or GQDs, are single or few-layered structures of carbon
that are fabricated in sizes that range from <0.1 to 20 nm9. These particles have received
much attention in recent years due to their many desirable optical and electrical properties,
including high attenuation of light with little dependence on wavelength as well as their
ability to serve as conductors up to extremely small distances9. They have also been proven
to be biocompatible, which makes them desirable for use in medical applications10.
Aluminum Nanoparticles
In addition to carbon-based quantum materials, recent literature has indicated that
metallic nanoparticles can also serve as effective photosensitizers11. Metallic nanoparticles,
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especially aluminum and the Noble metals, have high levels of visible and near-IR light
absorption due to surface plasmon resonance12–14. Surface plasmon resonance, or SPR,
refers to the phenomenon in which metallic nanoparticles absorb incoming light and begin
vibration, which allows passage of localized energy. As such, they can function as effective
aids to other photosensitizing agents or as stand-alone photosensitizers.
This work details the evaluation of two new photosensitizing agents for use in
photodynamic therapy. Graphene quantum dots were fabricated using pulsed laser ablation
(PLA) and then tested in bacteria in solution with methylene blue. Aluminum nanoparticles
were also created using PLA, as previous works had found that this method was valid for
creating nanoparticles15,16. It was also found that the type of solvent had a strong effect on
the size of the aluminum particles produced; thus, this work tests the effect of acetone and
DI water on the produced particles14.
SECTION TWO
Materials and Methods
Graphene Quantum Dot Fabrication
Production of the graphene quantum dots utilized an Nd:YAG nanosecond pulsed
laser (Continuum Surelite II, 1064 nm wavelength, 10 Hz frequency, and 5 ns pulse width).
Nickel oxide and benzene were combined in a 10 mL beaker and irradiated for periods of
30, 45, and 60 minutes while being stirred with a magnetic bar. The laser density was also
varied between 210-1050 mJ/cm2 to test the effects of changes in energy on the samples.
After the irradiation period, the sample containing the nickel oxide and benzene
was distributed into cuvettes and centrifuged for 15 minutes at 5000 RPM. The sample was
then recombined and rotary-evaporated in order to remove the benzene from the GQD
4

mixture. The remaining graphene quantum dots were then combined with deionized water,
sonicated, and once more centrifuged at 11000 RPM for 11 minutes. The final part was
filtered via syringe filtration in order to ensure a uniform sample size.
Aluminum Nanoparticle Fabrication
Aluminum powder (average diameter of 6 micron) was irradiated with an Nd:YAG
pulsed laser (Continuum Surelite II, 1064 nm wavelength, 10 Hz frequency, and 5 ns pulse
width) for one hour. The solvent of the sample was changed between deionized water,
alcohol, and ethanol. The laser power was varied between 500, 750, 1000, and 1500 mW
of power.
After the irradiation period, the aluminum particulate sample was centrifuged at
3000 RPM for 15 minutes. The sample was then rotary evaporated, and the remaining
sample was combined with DI water and sonicated for 5 minutes.
Microscopy Analysis
Transmision and scanning electron microscopy were used to characterize the
samples in terms of size distribution and total yield. The sample was placed on a lacey
copper grid in preparation for the transmission electron microscope (TEM), and a singlet
droplet of sample was placed on a piece of carbon tape and air-dried for the scanning
electron microscope (SEM). SEM-EDS (scanning electron microscope-energy dispersive
x-ray spectroscopy) was also used to obtain the energy dispersive x-ray spectrum for the
samples so as to obtain information on the elemental forms present in the materials.
Spectroscopic Analysis
Spectroscopic analyses were used to better quantify the optical properties of the
samples. A Unico SpectroQuest SQ2802 UV-Visible Spectrophotometer was used to
obtain the absorbance spectrum of the samples and to identify any transitions in the
5

structure of the materials. A small cuvette was filled with about 1 mL of sample, and the
magnitude of the peaks was normalized against the background of just the DI water solvent
in order to obtain the absorbance values of the particulate part solely. A Fully-automatic
Microplate Reader was also used to obtain information about the emittance values of the
samples. The samples were irradiated with light ranging from 300 nm to 700 nm in
increments of 10 nm, and the peak emittance values in that range were documented in order
to evaluate possibilities for PDT.
Singlet Oxygen Measurement
In order to test the ability of the graphene quantum dots to produce reactive oxygen
species, the level of photobleaching of 9, 10-anthracenediyl-bis (methylene) dimalonic acid
(ABMDMA) was monitored. The testing samples for the GQDs consisted of GQD sample,
phosphate buffer solution (PBS), ABMDMA, and methylene blue, a well-known
photosensitizer. In the case of the aluminum, the aluminum sample was switched with the
GQD sample in the previous list of solution components. The amount of the
GQD/Aluminum sample included in the mixture was varied in order to evaluate the most
effective amount of sample to be included. The samples were first irradiated with 660 nm
light (red) for 1 minute, and then the peak absorption value was monitored. The process
was repeated with further irradiation until the absorbance value was zero as the ABMDMA
had been completey bleached.
Bacterial Deactivation Testing
The levels of possible deactivation of bacteria after irradiation by the 660 nm light
were tested in order to quantify the efficacy of the GQD samples (note: Aluminum was not
tested with bacteria). Previous literature has reported increased difficulty in deactivating
6

Gram-negative in comparison to Gram-positive bacteria. Thus, in order to investigate any
improvements on previous iterations of testing, Gram-negative bacteria, Escherichia coli,
and a Gram-positive bacteria, Micrococcus Luteus, were used to evaluate the anti-bacterial
effects of the GQDs. The bacteria were prepared in a LB broth and incubated for 24 hours
for E. coli, and for 48 hours for the M. Luteus. The GQD and Methlene Blue samples were
combined in varying ratios in order to test for the best combination. The anti-bacterial
deactivation level was quantified by the number of colony-forming units (CFU) removed
after combination with the GQD:MB sample.
Cellular Viability Testing
The MTT assay indicates the number of cells present using a color scale. To test
the potential of the GQD without irradiation on the inactivation of bacterial cells, an MTT
assay was used in accordance with previous work in the field17,18. The 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cellular viability assay was
performed with both cellular types. Approximately 10,000 cells (A549) and 5,000 cells
(IMR-90) were placed in each well in sets of 96-well plates, and then incubated for 24
hours. The tests were then repeated with different concentrations of the GQDS (200, 150,
100, 50, 25 µg/mL), each incubated for 24 hours. A positive control (GQDs and media)
and a negative control (media only) were both tested to ensure outside parameters were not
affecting the results. The assay was allowed to react for 2 hours, then the wells were quickly
emptied and treated with solubilization solution [10% Triton X-100 in acidic (0.1N HCl)
isopropanol] for 15 minutes before the changes in the absorbance of the wells at 570 nm
and 690 nm were read using a BioTek Synergy HT microplate reader.
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SECTION THREE
Results and Discussion
Pulsed laser ablation of liquid media leads to unique physical phenomena. When a
liquid is subjected to nanosecond pulses, only a small portion of the incident energy
interacts with the solid media in the target, with much more energy going towards ejecting
free electrons and optically ionizing the material in the produced plasma plume19. The
plasma plume induced expands at supersonic velocities and fades within a few
microseconds but causes a significant amount of physical disruption in it wake19.
Nanoparticles can be created in the media either through interaction with the laser beam or
through induction in the emerging plasma plume19. Although the specific phenomena that
creates the graphene quantum dots and the aluminum nanoparticles is unknown, it is
theorized that it through these mechanisms that our sample was created during laser
ablation.
Graphene Quantum Dots
TEM and SEM Measurements
Electron microscopy measurements were taken of the samples to visualize them on
a nanoscale and to determine their uniformity and shape. The results of these measurements
are included in Figure 1.
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(a)
(b)

Figure 1: (a) TEM measurement of graphene quantum dots. The inset shows the
lattice spacing of individual GQDs (the scale bar is 1 nm) (b) Size distribution
of GQDs.
Figure 1A neatly pictures the uniformity of the GQD sample, with the average size
of the graphene quantum dots on the order of 3.80 nm. The inset of Figure 1A shows a
planar face of the GQDs, proving in fact that GQDs are present in the sample. Figure 1B
shows the size range of the particles produced, showing that a fairly uniform sample was
produced. The average size of the quantum dots was 3.80 nm, which is favorable as it has
been shown that smaller quantum dots are better able to efficiently transmit energy20.
UV-Vis and PL Spectrometry
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The optical properties of the graphene quantum dots were investigated using
ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy. Figure 2A shows
the peak absorbance value of the GQDs at approximately 270 nm, which is standard for
graphene materials. The inset of Figure 2A shows the luminescent properties of graphene
materials once subjected to UV light, which is another well-documented feature of
graphene, and the luminescence of the materials with the graphene in suspension is
differentiated from the luminescence of the dissolving media. The differences in the colors
of luminescence are likely due to the difference in the solvent. Figure 2B depicts the range
of optical wavelengths emitted by the graphene once subjected to 310-350 nm of light, with
the strongest peak around 420 nm at 310 nm excitation, which corresponds to a Stokes shift

(

(

Figure 2: a) UV-Vis spectra and (b) photoluminescence of GQDs in DI water.
Inset in (a) shows photostable fluorescent GQDs in DI and ethanol solutions
of 110 nm. Additionally, the particles still fluoresce with the same intensity after 2 months,
proving that the particles also possess excellent photostability.
Fourier Transform Infrared Spectroscopy
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Fourier Transform Infrared Spectroscopy (FTIR) was used to determine the
functional groups present in the GQD sample to ensure that 1D graphene was created. The
FTIR results are depicted in Figure 3.

Figure 3: FTIR spectra of a graphene quantum dot.
The results can be compared to published literature in order to gain better insight into the
source of the peaks. The wideband peak at 3330 cm-1 corresponds to the stretching and
vibrations of the hydrogen bond in hydroxyl (O-H) groups21. The two sharp peaks at 1720
cm-1 and 1090 cm-1 result from vibrations from carbonyl (-C=O) and epoxide functional
groups21. The band at 1600 cm-1 corresponds to (C=C-) stretching vibrations from graphene
groups21. Lastly, a (C-OH) stretching deformation peak was observed at 1225 cm-1(21).
Singlet Oxygen Generation
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The deactivation of the ABMDMA as a function of time is pictured in Figure 4. As
can be clearly seen in the image, the combination of methylene blue and GQD is more

Figure 4: Singlet oxygen generation of MB-GQD at different ratios and times.
effective in producing faster photobleaching than with methylene blue alone. It has been
seen in other literature that the combination of a quantum dot with a photosensitizer acts to
increase the total absorbed energy of the photosensitizer through the two-photon effect.
Bacterial Deactivation Testing
The results of testing our samples in both E. Coli and M. Luteus revealed that the
combination of the GQD and MB in mixed ratios significantly improved the level of
deactivation compared to MB alone. The top images in Figure 5 depict the agar plates with
bacteria and the GQD mixture before and after irradiation with the 660 nm light source for
12

5 minutes for the E. coli and for 2 minutes for the M. luteus. It is clear in testing with both
cases that the inclusion of the graphene material produces significant levels of bacterial
deactivation.

Figure 5: (Left) E. coli (5 minutes irradiation) and (Right) M. Luteus
colonies (2 minutes irradiation) in PBS before and after irradiation and
their percentage irradiation of MB-GQD with 660 nm light.
As was discussed earlier in the paper, the Gram-negative E. coli is more difficult to
eradicate in photodynamic applications than with the Gram-positive M. luteus. In testing,
the increased difficulty was evident in the remaining presence of bacteria after irradiation
for 10 minutes in the E. coli testing plate, whereas no units remained after 10 minutes in
the M. luteus plate. The increased difficulty in deactivating the E. coli is attributable to the
difference in cellular structure between the two strains: in the M. luteus, the
photosensitizing agent is able to easily pass through the porous cellular membrane and
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completely inactivate the cell, whereas the antibacterial agents are bound to the outer layer
of the E. coli making inactivation much more difficult2.
Cell Viability Testing
GQDs can be innately cytotoxic in bacterial cultures depending on their physical
parameters. It has been found, however, that in doses <50 ug/mL, cell viability remained
at 100%17. To evaluate the cytotoxicity of our GQDs and ensure that proper dosages were
being used, cell viability was measured using the MTT assay.
As shown in Fig. 6, the combination of GQDs with the cells produced almost no
difference in contrast with the untreated cells under similarly dark conditions. These results
were found even in the prescence of 200 μm/mL, a higher concentration than regularly
suggested.

Figure 6: Cell viability measurement of GQDs at various concentrations
using the MTT assay on (A) IMR-90 and (B) A549 cell lines.

Alumina Nanoparticles
TEM Measurements
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Alumina in Acetone

Alumina in DI Water

Figure 7: Aluminum nanoparticles at 750 mW in Acetone and
DI water, respectively.

Distribution in acetone solvent;
750 mW power used

Distribution in DI solvent; 750
mW power used

Figure 8: Size distribution of aluminum nanoparticles.
Measurements in the transmission electron microscope revealed that there was a noticeable
difference between the nanoparticles produced in water and in acetone, but a much less
noteworthy difference between power levels. It was also found that the aluminum
nanoparticles fabricated at 750 mW of power in acetone produced the most optimal
nanoparticles for use in photodynamic therapy, as there is a strong inverse relationship
15

between the size of the nanoparticles and the level of energy transmitted to surrounding
cells.
The microscopy measurements also showed that our tests yielded aluminum
nanoparticles in a variety of sizes, which could be due to varying absorption levels of the
laser energy as the particles were kept in fluid for long testing periods. The results of the
size distribution of the aluminum nanoparticles is shown in Figure 8.
UV-Vis Measurements
The aluminum nanoparticles were tested for their optical properties through
utilization of UV-visible light spectroscopy. The samples showed peak absorbance of
around 260 nm for Alumina with acetone and around 200 nm for Alumina with DI water.
These results agree with previous literature about the absorption peaks for aluminum.

Acetone

DI Water

Figure 9: UV-VIS spectra of Alumina at 500 mW power. They show low absorption at
visible range. Absorption band around ~200-300 nm for range of Alumina NP sizes.
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The nanoparticles also show low absorption in the visible range of light, which is
favorable as photodynamic therapy applications require certain wavelengths of light for
medical usage.

Singlet Oxygen Generation Measurements
The aluminum samples were tested for their levels of ABMDMA deactivation in
order to check their potential in photodynamic therapy applications. As can be seen in
Figure 10, the level of deactivation of the ABMDMA was slightly less rapid than for the
GQD:MB mixture. The amount

Figure 10: Alumina in acetone in varying ratios with Methylene Blue (MB) in combination
with 9,10-Anthracenediyl-bis(methylene)dimalonic Acid.
of photobleaching appeared to peak about 100 micrograms of the aluminum sample, with
the next round of testing at 250 micrograms producing similar or less impressive
17

deactivation times. These results suggest that potential other avenues for testing will be
needed in order to produce more significant results.
CONCLUSION
In conclusion, graphene quantum dots and aluminum metal nanoparticles were
created using pulsed laser ablation of materials in a liquid suspension. The production of
graphene as opposed to spherical carbon dots was verified by imaging through transmission
electron microscopy and was further proven through characterization of the optical
properties of the media. The particles produced showed favorable size distribution,
excellent photostability, and ideal optical properties for use in photodynamic therapy.
Testing with ABMDMA and in bacteria proved that the combination of graphene quantum
dots with methylene blue produces better results than with the inclusion of solely
methylene blue. The aluminum nanoparticles also showed favorable results, with an
optimal size distribution for potential use in photodynamic therapy. Testing with
ABMDMA also showed that the aluminum nanoparticle and methylene blue combination
produces more efficient photobleaching than tests with methylene blue as a stand-alone
photosensitizer.
Future work would like to expand on the tests to create more dynamic
photosensitizing agents with the graphene quantum dots, with the potential inclusion of
noble metals in the solution to produce an even stronger reaction. In particular with the
aluminum nanoparticles, testing with different amounts of solution, irradiation times, and
materials included in the ablated solution will be investigated to potentially produce even
stronger reactions. The influence of electric fields on the sizes of the particles produced
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may also be tested, as previous experimentation has found promising results through the
use of electrical fields around the ablation target22.
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a. Alumina Nanoparticles

500 mW in Acetone

1000 mW in Acetone

500 mW in DI Water.
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