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Abstract
The global emergence of multidrug resistance of fungal infections and the decline in the discovery of new antibiotics are increas-
ingly prevalent causes of hospital-acquired infections, among other major challenges in the global health care sector. There is an
urgent need to develop noninvasive, nontoxic, and new antinosocomial approaches that work more effectively and faster than cur-
rent antibiotics. In this work, we report on a biocompatible hybrid nanomaterial composed of few-layer graphene and chlorin e6
(FLG-Ce6) for the photodynamic treatment (PDT) of Candida albicans. We show that the FLG-Ce6 hybrid nanomaterial displays
enhanced reactive oxygen species (ROS) generation compared with Ce6. The enhancement is up to 5-fold when irradiated for
15 min at 632 nm with a red light-emitting diode (LED). The viability of C. albicans in the presence of FLG-Ce6 was measured
48 h after photoactivation. An antifungal effect was observed only when the culture/FLG-Ce6 hybrid was exposed to the light
source. C. albicans is rendered completely unviable after exposure to ROS generated by the excited FLG-Ce6 hybrid nanomaterial.
An increased PDT effect was observed with the FLG-Ce6 hybrid nanomaterial by a significant reduction in the viability of
C. albicans, by up to 95%. This is a marked improvement compared to Ce6 without FLG, which reduces the viability of C. albicans
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to only 10%. The antifungal action of the hybrid nanomaterial can be activated by a synergistic mechanism of energy transfer of the
absorbed light from Ce6 to FLG. The novel FLG-Ce6 hybrid nanomaterial in combination with the red LED light irradiation can be
used in the development of a wide range of antinosocomial devices and coatings.
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Introduction
The frequency of fungal infections has notably increased in the
last decades; for instance, Candida albicans is now reported as
the fourth cause of nosocomial septicemia in the United States
[1]. Among the reasons behind the increase of incidences of
fungal infections are the indiscriminate use of antineoplastic
and immunosuppressive drugs, the unnecessary use of broad-
spectrum antibiotics, the growing application of prosthetic
devices, and the increased number of invasive surgeries [2,3].
The prevailing drugs used to fight fungal infections usually
require long treatments and very often present side effects [2].
For these reasons, improved antifungal therapies must be de-
veloped to treat fungal infections [4].

An alternative approach, used as medical technology to treat
diseases like cancer and fungal infections, employs visible light
to activate photosensitive molecules, known as photodynamic
therapy (PDT) [4]. PDT was discovered in 1900 when Para-
mecia microorganisms were exposed to a photosensitive mole-
cule in conjugation with sunlight, which was found to eliminate
the fungal activity of Paramecia [5]. PDT consists of the inter-
action of visible-light photons with a photosensitizer located
inside the cell or in close proximity to it. In this interaction, the
photosensitizer produces highly reactive oxygen species (ROS)
by reacting in the excited state with molecular oxygen present
in the environment. ROS refer to molecules like singlet oxygen,
superoxide anion, and radicals, which are responsible for pro-
ducing oxidative stress in cells followed by cell death [4].
Photosensitizer molecules must be nontoxic before irradiated
with light, must produce high amounts of ROS when irradiated
with visible light, and also should have a high absorption coeffi-
cient at a wavelength that penetrates cellular tissue [4]. In the
visible electromagnetic spectrum, red light has the largest depth
penetration into biological tissue [6,7]. Among different photo-
sensitizers, porphyrins are heterocyclic molecules derived from
four pyrrole-like subunits interconnected by methine groups [8].
Porphyrins possess all the characteristics of a good photosensi-
tizer since they are planar or semiplanar molecules with π-elec-
trons in a closed ring, resulting in a large conjugated system that
strongly absorbs light in the visible spectra. An example of this
is the porphyrin chlorin e6 (Ce6), which has been widely used
as a photosensitizer in PDT [9-13]. One of the main drawbacks
in the use of Ce6, and in general for any other organic photo-
sensitizer materials, is the quenching after photoexcitation
which results in the decay of ROS production due to molecular

degradation. There have been several attempts to enhance the
PDT properties of organic molecules like Ce6 by the prepara-
tion of composites using nanoparticles [14-16]. Such hybrid
nanomaterials take advantage of both the good photosensitizer
properties of Ce6 and of the physical and chemical characteris-
tics of the nanoparticle. Consequently, great improvements are
expected when the synergistic characteristics from the hybrid
nanomaterial constituents complement each other, turning the
system into a more useful tool for a diverse number of biologi-
cal applications, such as biosensors, protein detection, bio-
imaging and drug delivery [17,18].

In recent years, graphene nanoparticles have been used in many
different applications ranging from enhanced spectroscopy tech-
niques, coatings, polymeric composites, sensors, drug delivery
systems and others, due to their excellent physical and chemi-
cal properties (e.g., high surface area, excellent thermal and
electric conductivity, high mechanical strength)[19-21]. Exam-
ples of graphene nanomaterials include single-layer graphene,
few-layer graphene (FLG), graphene oxide (GO), and the
reduced form of GO (rGO) [22]. GO and rGO have been conju-
gated to several photosensitizers to enhance their performance
in PDT [15,17,23-25]. However, for enhancing the characteris-
tics of a Ps, the properties of graphene, such as electrical
conductivity and chemical stability are very important, and
these properties are significantly hindered in GO and rGO [26-
29]. Thus, the conjugation of pristine graphene with photosensi-
tizer molecules might result in a more efficient and stable mate-
rial for PDT.

In this work, FLG combined with Ce6 was used as a photosen-
sitizer in PDT as an antifungal treatment against C. albicans.
Candida albicans is the most virulent Candida specie with a
high economic and medical relevance due to high health care
cost, in addition to high morbidity and mortality rates, espe-
cially in immunocompromised patients [30]. As a result,
C. albicans is commonly used to test different materials as
candidates for photosensitizers in PDT [31,32]. An FLG and
Ce6 hybrid nanomaterial (FLG-Ce6) was used as the photosen-
sitizer in combination with a red light-emitting diode (LED)
array as the photoactivation light source. The conjugated system
of graphene π-electrons improves the performance of Ce6
through the donation of electrons that delay its photobleaching.
In this way the production of reactive oxygen species is opti-
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Figure 1: Characterization of the FLG-Ce6 hybrid nanomaterial. a) TEM images of FLG-Ce6; scale bar is 1 µm. b) Raman spectrum of FLG-Ce6, Ce6
and graphite. c) XPS spectra. Top row (green) shows the FLG-Ce6 chemical analysis and bottom row (blue) shows the respective analysis for Ce6.

mized and a better effect against C. albicans is achieved with a
low concentration of photosensitizer and a short exposure time
to the red LED light source.

Results and Discussion
The liquid phase exfoliation of graphite was first carried out in
toxic, non-biocompatible solvents due to the match in the sur-
face energy of graphene and the solvents [33]. However, the
interest in using graphene for biological applications has led to
the development of new synthetic techniques, such as the exfo-
liation of graphene assisted by molecules that display amphi-
philic properties [34,35]. These molecules are intercalated be-
tween the graphene sheets, conferring stability and solubility in
media in which graphene by itself is not soluble.

In 2016, Hernández et al. [36] reported the synthesis of FLG by
the exfoliation of graphite in water and phosphate buffer saline
(PBS) using Ce6 as the stabilizing molecule. The π–π stacking
interactions between FLG and Ce6 allows the stabilization of
FLG in biocompatible media. Following this methodology, a
FLG-Ce6 hybrid nanomaterial was prepared by the exfoliation
of graphite in sterile deionized water using Ce6 as the stabi-
lizing molecule. To do this, graphite was sterilized by exposure
to ultraviolet light for 45 min, and a methanol solution of Ce6

was filtered using a 0.2 μm pore size filter to ensure the sterility
of the sample. The concentration of Ce6 in the FLG-Ce6 hybrid
was calculated using UV–vis absorption spectroscopy. Ce6
presents an intense absorption band at 407 nm, corresponding to
the Soret band. A Ce6 calibration curve at this wavelength is
then produced. Then, in order to obtain a correct approximation
of the real concentration of Ce6 in FLG-Ce6, the absorption of
FLG at 407 nm, under the same experimental conditions, is
subtracted from the absorption obtained from the solution of
FLG-Ce6 and finally matched with the calibration curve of Ce6.

Figure 1a shows transmission electron microscopy (TEM)
images of FLG-Ce6. Graphene sheets exfoliated from graphite
are evidence of the interaction between FLG and Ce6 in pure
water. Ce6 stabilizes graphene sheets, avoiding aggregation due
to its high attraction through π–π stacking interactions, and the
oxygenated moieties on Ce6 allow the stabilization of the
hybrid nanomaterial in water. The Raman spectra of the hybrid
nanomaterial, Ce6 and graphite are shown in Figure 1b for com-
parison. The highest peak, corresponding to the G band
(≈1580 cm−1), was used to normalize the signals in each case.
The 2D band (≈2715 cm−1) gives information about π–π
stacking which only occurs in graphite. The intensity of the 2D
band is reduced in the FLG-Ce6 hybrid nanomaterial due to the
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Figure 2: Schematic representation of the FLG-Ce6 hybrid nanomaterial. Ce6 molecules (green) stabilize a graphene sheet in water. FLG acts as an
electron donor for the Ce6 molecules, enhancing its capability as a photosensitizer. The interaction of Ce6 molecules with the graphene sheet trough
π–π stacking interactions prevents the quick photobleaching by shielding Ce6 from the interaction with the generated ROS.

interaction between FLG and Ce6 π-electrons. Finally, the D
band (≈1350 cm−1) is not present in the Raman spectrum of
pristine graphite as it gives information about the in-plane
defects of the graphene lattice. In the Raman spectrum of the
FLG-Ce6 hybrid nanomaterial, the D band is overshadowed by
the Raman signals of Ce6.

Figure 1c shows the X-ray photoelectron spectroscopy (XPS)
spectra of the hybrid nanomaterial and Ce6. The O 1s core level
spectrum of the hybrid nanomaterial FLG-Ce6 is mainly
composed of two peaks at 530.9 and 532.4 eV corresponding to
HO–C and C=O, respectively. There is a peak at 535.4 eV cor-
responding to the chemisorbed oxygen on the hybrid nanomate-
rial, which is almost absent in the Ce6 sample. The N 1s core
level spectrum is the same in the hybrid nanomaterial as in the
Ce6 sample because the nitrogen contribution comes only from
Ce6 in both cases. The spectrum analysis allows the two types
of chemical bonding of nitrogen present in the Ce6 structure to
be distinguished. The C 1s core level spectrum in the hybrid
nanomaterial is mainly composed of a peak at 284.2 eV corre-
sponding to C=C bonding. Additionally, components of carbon
bonded to oxygen and nitrogen are present in the analysis, as
expected.

Figure 2 shows a schematic representation of the FLG-Ce6
hybrid nanomaterial. The green dotted lines indicate the
in-plane π–π stacking interactions between Ce6 and FLG. Red
spheres represent the out-of-plane moieties responsible for the
stabilization of the hybrid nanomaterial in water by the oxygen
atoms.

Figure 3a shows the characterization results from UV–vis spec-
troscopy experiments on FLG-Ce6 and Ce6. The absorption
spectrum of FLG-Ce6 shows absorption changes due to interac-
tions between FLG and Ce6. A widening of the band at 400 nm
and the appearance of a band at 700 nm were observed when
compared with the Ce6 spectrum. The band at 700 nm appears
to be due to π–π stacking interactions between FLG and Ce6. In
a previous work [36], Ce6 was used for the stabilization of FLG
and graphene oxide (GO). During the exfoliation of GO, the
band at 700 nm was not observed since the conjugated system
of π-electrons is highly compromised by the large amount of
oxygen functionalities present in GO. The π–π stacking interac-
tions between Ce6 and GO are negatively affected, resulting in
the interaction by H-bond formation. Thus, FLG and Ce6
interact by means of π–π stacking, Ce6–Ce6 transition dipole,
hydrogen bond formation, hydrophobic, and electron-donor
interactions [36]. The observed changes in the UV–vis spec-
trum of FLG- Ce6 corroborates the TEM morphology observa-
tions.

The wider absorption peak in the FLG-Ce6 hybrid nanomateri-
al spectrum at 640 nm corresponds to the greater probability of
absorbing a photon deeper into the tissue, since the penetration
depth of electromagnetic radiation increases as the wavelength
increases, reaching depths up to 3.5 mm at 1000 nm excitation
[7]. Figure 3b shows the singlet oxygen production tests of
FLG-Ce6 and pristine Ce6. The singlet oxygen production is
indirectly observed through the fluorescence intensity of the
singlet oxygen sensor green reagent (SOSG), which is a singlet
oxygen reporter. Thus, FLG-Ce6 and pristine Ce6 samples were
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Figure 3: ROS production and PDT system characterization. a) UV–vis absorption spectra of pristine Ce6 (blue) and FLG-Ce6 (green). b) Singlet
oxygen production assays. Singlet oxygen is indirectly observed through the fluorescence of the reporter molecule, singlet oxygen sensor green
reagent; the higher fluorescence is related to higher singlet oxygen production. The ascending arrows denote the irradiation time (5, 10 and 15 min).
c) Details of the LED excitation source. The LED emission spectrum is centered at 632 nm, as shown on the left, and a scheme of the 6 LEDs array is
shown on the right.

exposed to SOSG and photoactivated during 5, 10, and 15 min
of visible light irradiation at 632 nm at an incident power of
150 mW. When analyzed using fluorescence spectroscopy, it
was observed that ROS production is up to 5-fold higher in
FLG-Ce6 than in pristine Ce6 and even greater at 15 min of
photoactivation, with no evidence of photobleaching in any
system. For this reason, tests with C. albicans were carried out
at 15 min of exposure time.

The LED array used as the light source to photoactivate the
FLG-Ce6 hybrid nanomaterial in the culture for the cellular
viability tests was designed to have six LEDs that deliver
approximately 150 mW of power at 632 nm through the center
of the sample, as illustrated in Figure 3c.

In Figure 4a, the viability of C. albicans is reported 48 h after
being treated with PDT. The number of colony-forming units
(CFUs) of C. albicans 48 h after being treated with PDT using

FLG-Ce6 as the photosensitizer is highly reduced, as shown in
Figure 4b. The photoactivation of C. albicans without a photo-
sensitizer does not cause any change in the cell viability, nor
does the incubation with any of our photosensitizers without
light exposure. However, when C. albicans is exposed to Ce6
and then photoactivated by 15 min of irradiation with the LEDs,
their viability is reduced up to 10%. Astonishingly, when
C. albicans is exposed to FLG-Ce6 and is photoactivated for
15 min, its viability is reduced by more than 95%. This reduc-
tion in the viability was not observed when the cells were incu-
bated with the FLG-Ce6 hybrid nanomaterial without photoacti-
vation. This confirms that the viability effects are due to the
ROS generation by the photosensitizer in each case, where
FLG-Ce6 hybrid nanomaterial has a better photosensitizer
effect in PDT against C. albicans, as compared Ce6 alone,
which proves that graphene enhances the photosensitizing prop-
erties of Ce6. This may be due to the electron/energy donor
effect of graphene sheets on the Ce6 molecules, facilitating their
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photoexcitation and increasing the amount of ROS generated.
Another important factor contributing to the increased ROS
generation is the modified spatial arrangement of the Ce6 mole-
cules, which tends to evenly distribute the molecules over the
surface of FLG. This is in contrast to the high interaction in the
water solution. And finally, another contributor to the increased
ROS generation is the ability of FLG to absorb red and NIR
light. This modified spatial arrangement effectively increases
the volume of the sample accessible to the system for the inter-
action with molecular oxygen. Also, FLG can delay the photo-
bleaching of Ce6 when forming a hybrid and exposed to red
light. The protection of Ce6 by FLG from photobleaching could
occur by various mechanisms. One of such photobleaching
mechanism occurs when the photosensitizer reacts with the
generated ROS, creating oxygenated adducts on the structure of
the molecules. In this case, the graphene sheets protect the Ce6
molecules by shielding half of the photosensitizer surface area,
due to their π–π interactions. Besides this, the high surface area
of the graphene sheets can act as a hiding place for the Ce6
molecules – having more surface area available, the graphene
sheets can react more readily with the ROS that accumulate in
its surroundings.

Figure 4: Cell viability assays. a) C. albicans viability 48 h after PDT.
The cell cultures were exposed to the FLG-Ce6 hybrid nanomaterial
and pristine Ce6 in different trials, and then the samples were photoac-
tivated by illumination using the LED designed array for 15 min. b) An
image of the colony forming units (CFUs) of C. albicans 48 h after
PDT.

Conclusion
The FLG-Ce6 hybrid nanomaterial presented in this work was
shown to enhance the capacity for the generation of ROS
species compared with Ce6 alone, as corroborated by measuring
the fluorescence intensity produced by the reporter SOSG. This
hybrid nanomaterial does not present quenching of the fluores-
cence during the 15 min irradiation time, suggesting that FLG
protects Ce6 from photobleaching. We demonstrated that the
viability of C. albicans is drastically reduced when treated with
the FLG-Ce6 hybrid nanomaterial and exposed to red light
(632 nm) for 15 min. The viability was measured 48 h after
photoactivation, and we found an antifungal effect only when
exposed to the light source. This shows that C. albicans is
rendered almost completely unviable after exposure to ROS and
not after its incubation with the FLG-Ce6 hybrid nanomaterial
without light exposure. An increased PDT effect was observed
with the FLG-Ce6 hybrid nanomaterial by lowering the viability
of C. albicans up to 95%. In contrast, Ce6 alone lowers the
viability of C. albicans to only 10% under the same irradiation
conditions.

These results are very promising for the development of
new ways of applying PDT. More studies must be done in
order to determine the toxicity of this new generation of
nanostructured photosensitizers,  such as the hybrid
nanomaterial presented in this work. However, immediate
applications of the hybrid nanomaterial, for example, the
coating of medical instruments or medical-grade supplies
(such as sheets, tubes, robes) to facilitate their sterilization,
thus maintaining a clean and fungi-free environment
and preventing the occurrence of nosocomial infections, are
farsighted.

Experimental
Synthesis of a sterile graphene/chlorin e6
hybrid material
The few-layer graphene/chlorin e6 hybrid material (FLG-Ce6)
was prepared using the method reported by Hernández et al.
[36]. All solvents and chemicals were obtained from commer-
cial suppliers and used without further purification. Chlorin e6
(Ce6) and graphite were purchased from Frontier Scientific
Logan and Bay Carbon, Inc., respectively. 1 mg of graphite and
2 mL of a solution of Ce6/methanol at 1 mg/mL was added to
8 mL of deionized water. The sample was sonicated for 45 min
using a Branson 2510 ultrasonic bath with a frequency of
40 kHz and power of 130 W, then centrifuged at 500 rpm for
90 min. The supernatant was filtered and washed with de-
ionized water and resuspended in 10 mL of deionized water.
The synthesis methodology was always carried out under sterile
conditions.
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Characterization
The UV–vis spectroscopy characterization was carried out with
a Cary 60 UV–visible spectrophotometer using 10 mm long
quartz cuvettes. The Raman spectra were obtained by means of
a Thermo Scientific DXR Raman Microscope equipped with a
diode-pumped solid-state laser (DPSS) at wavelength of 532 nm
as the excitation source. A 10× objective with a 50 µm slit aper-
ture and 5 s of exposure time were used. The laser power
impinging on the sample was between 5 and 10 mW, the spatial
resolution was 2 cm−1 and the spot size was ≈1 µm2. The sam-
ples were recorded from drops of the dispersions deposited on
clean silicon wafers and left to dry under vacuum. The chemi-
cal composition of the samples was investigated using X-ray
photoelectron spectroscopy (XPS) with a VERSAPROBE PHI
5000 instrument from Physical Electronics, equipped with a
monochromatic Al Kα X-ray source under ultrahigh vacuum
conditions. The energy resolution was 0.7 eV. For the compen-
sation of built-up charge on the sample surface during the mea-
surements, dual beam charge neutralization composed of an
electron gun (≈1 eV) and an argon ion gun (≤10 eV) was used.
The XPS spectra were deconvoluted using commercially avail-
able software (CASA-XPS). TEM images were obtained using
a JEOL JEM-2100 instrument with a voltage acceleration of
200 kV. The preparation of the samples was done by the “drop
casting” technique by depositing 100 μL of the FLG-Ce6 solu-
tion on the TEM grids (200 mesh, cooper, carbon only) and
drying them in vacuum for 48 h.

Photoactivation
The illumination source consists of 6 LEDs connected in
parallel and distributed as follows: five were placed around a
cylindrical container and one at the bottom of the container as
shown in Figure 4c. The device is powered by a voltage source
of 2.3 V and the emission spectrum of the LED light is centered
at 632 nm with a full width at half maximum (FWHM) of
16 nm. The power measured just at the output of each LED is
approximately 80 mW, however the light diverges and part of
this light is lost before reaching the sample. On average, the
light source provides a total power in the center of the sample of
approximately 150 mW.

Singlet oxygen production assays
We carried out a test in the presence 1 µM of a reporter mole-
cule called singlet oxygen sensor green reagent (SOSG) to
corroborate that FLG-Ce6 has the capacity to produce singlet
oxygen and to quantify the production of the radical. The sam-
ples of FLG-Ce6 and Ce6, with the same concentration of Ce6,
were subjected to a photoactivation test, by exposing them to
the LED array source. The samples were illuminated for 5, 10
and 15 min, and the fluorescence of the SOSG reporter was
measured in each case.

Photosensitizer effect of FLG-Ce6 and Ce6 in
PDT against C. albicans
We used the strain ATCC 90028 of C. albicans to evaluate the
effect of FLG-Ce6 as a photosensitizer in PDT. FLG-Ce6 with
1.5 µg of Ce6 (this is the concentration of Ce6 in the hybrid and
the total amount in the sample) was added to 2 mL of PBS con-
taining 1 × 105 cells of C. albicans. The samples were shaken
for 3 h at 37 °C. Afterwards, the samples were centrifuged for
5 min at 1500 rpm and the supernatant was discarded. The
pellet was resuspended in 2 mL of PBS. Following this, the
samples were exposed to light for 15 min by the LED array.
80 μL of each sample was seeded in dextrose Sabouraud agar
plates. The dishes were incubated for 48 h at 37 °C. The evalua-
tion of the viability of C. albicans was measured by counting
colony-forming units (CFUs) on the plates. The same proce-
dure was done for the samples where the Ce6 molecule alone
was used as the Ps.
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