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Ceo@lysozyme showed significant visible light-induced singlet oxygen generation in water, indicating the potential of this

hybrid as an agent for photodynamic therapy. The reactive oxygen specie (ROS) concentration generated by Ceo@lysozyme

www.rsc.org/

during the irradiation depends on the light source, the irradiation time and the concentration of the hybrid. Ceo@lysozyme

significantly reduced Hela cells viability in response to visible light irradiation. The generation of H20, due to the

photoactivity of Ceo@lysozyme, causes cell death via hydrogen peroxide easy permeation through the cell membrane and

activation of endogenous ROS production.

Introduction

Photodynamic therapy (PDT) is a non-invasive treatment for
different types The
photosensitizing agent and focused irradiation is used to elicit

of cancer.? combination of a
local, controlled production of reactive oxygen species (ROS) in
a specific area, leading to cell death through several
pathways.! In fact, ROS react with a wide range of biological
targets and are known to be involved in both cellular signaling
and cell damage.! By using highly focused light irradiation, PDT
has the potential to act specifically at the desired site of action,
lowering collateral damage to healthy cells.?

Photosensitization is a simple and controllable method for the
production of 10, requiring only oxygen, light of the
appropriate wavelength, and a photosensitizing agent able of
absorbing and using the energy to excite oxygen to its singlet
state.

Fullerenes are extremely efficient singlet oxygen generators
with the quantum yield of 'O, that is close to the unity,
suggesting the use of fullerenes in PDT.

Fullerenes strongly absorb in the UV and moderately in the
visible regions of the spectrum. The singlet excited state of Cgo
(1Ce0*), initially formed upon light absorption, is followed by
conversion to the long lived triplet state (3Cgo*) through an
intersystem crossing with high quantum vyield (nearly 100%)
that can be efficiently quenched by molecular oxygen (30;) to
generate large amounts of singlet oxygen (10;) (type Il energy-
transfer pathway).2->

However, the excited triplet state of fullerene is also an
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excellent electron acceptor, and, in the presence of electron
donors, gives the Cgo radical anion (Cso) via a type | electron-
transfer pathway that can readily transfer the electron to
molecular oxygen forming the superoxide anion radical (0;”)
and other reactive species.2->

In the last decade, fullerenes have gained considerable
attention as potentials photosensitizer for PDT of various
diseases.>-64

Fullerenes possess considerable advantages over the
traditional photosensitizer used in photodynamic therapy:
i) Fullerenes are highly photostable and undergo less

photobleaching compared to the traditional dyes used in
PDT;2-11

ii) Fullerenes follow both the photophysical mechanisms, while
the traditional dyes show mainly type Il mechanism; 211

iii) The reactive oxygen species production yield is close to
unity;2-11

However, the use of fullerenes in PDT still presents important
restrictions in their application due to the dependency of their
properties and toxicity on the physiological environment and
the related aggregation phenomena® and their poor water
solubility and low biocompatibility;®>

Monodispersity of fullerenes is the crucial feature for potential
application in PDT:121465 Aggregation is a well-known factor
that could deactivate the excited -electronic
photosensitizers.211 In fact, aggregation drastically decreases

states of

the long-lived triplet excited state lifetime, consequently
reducing the ROS production efficiency. 3Cg*, the
indispensable intermediate to produce ROS, is highly sensitive
to the environment. When fullerenes aggregates are present,
3Ceo* can be easily quenched by the surrounding Cg or by
other 3Cgo* (triplet-triplet annihilation) and, consequently, the
lifetime is drastically reduced
monomeric Ceo to less than 0.1 us in a Ceo aggregate).z11

(from a hundreds of ps for

In addition aggregation reduces also the active surface area of
Cso in contact with O, for ROS production.
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Fullerenes are insoluble in water and in most polar media.
Different approaches have been used to overcome the lack of
solubility of fullerene:

1) Dispersion of nano-Ceo aggregates in water by mechanical
dispersion—stabilization of Ceo,%° either through
ultrasonication®’ or by solvent-exchange methods.% Although
these preparation methods increase pristine Cgo concentration
in aqueous solution, they generate metastable dispersions of
containing large aggregates. These nano-Cgo
nanoparticles eventually re-aggregate, especially in
physiologically environments, because the method does not

fullerenes

provide a way to overcome the strong fullerene-fullerene
interactions. Considering the PDT application of fullerenes,
ROS producing ability of fullerene decreases with the growing
size of aggregation, so this methodology is not effective for
real medical exploitation.

2) Synthesis of water-soluble fullerene derivatives by chemical
functionalization, with hydrophilic groups, of pristine
fullerene.®®70 This method, even if very effective for many
technological applications of fullerenes, some
limitations for PDT, because functionalization of Cs cage leads
to the alterations of the peculiar photophysical properties of
fullerenes, thus reducing the advantages of the use of

shows

fullerene in PDT. In fact, the properties of functionalized
fullerenes strongly dependent on the number of functional
groups linked to the cage, for example the triplet quantum
yield significantly decreases as the number of pendant
in polar solvents, as physiological
environment, the hydrophobic nature of fullerene leads them
to cluster together, leaving the hydrophilic functional groups
outside.

3) A very common approach, especially for PDT applications, is
the use of dispersants as surfactants, block copolymers,
amphiphilic polymers, micelles and liposomes.>161. The use of
dispersants is effective and a large quantity of Cg can be
dispersed also in water, but i) the resulting solutions are
characterized by a polydispersion of fullerene aggregates of
different sizes and ii) the fullerenes are screened inside the
micelles, reducing the contact with active O, molecules.

4) Dispersion of fullerenes via host-guest interactions with

increase.? In addition

suitable carriers endowed with hydrophobic cores, such as
cyclodextrins, calixarenes, and other nanotweezers or
macrocyclic receptors.’2 The supramolecular approach
generates monodispersed pristine fullerenes, but subsequent
aggregation of the inclusion complexes’3 is common, especially
in saline solutions as physiological environment. In addition
the use of these hosts for biological applications sometimes
may be problematic because of their intrinsic toxicity.”4

A pioneering approach to the use of proteins as biocompatible
hosts for fullerene derivative in PDT was proposed by Tsuchida
and coworkers.?3 The use of proteins as molecular host for a
PDT agent eliminate also problems due to aggregation and
potential toxicity of macrocyclic receptors. We used lysozyme
as a model protein because it is one of the less expensive,
more deeply understood, and most used proteins in research.
In addition we recently showed that lysozyme is able to
disperse monomolecularly in water even the pristine Cgo with a

2 | J. Name., 2012, 00, 1-3

1:1  stoichiometry. and studies

demonstrated that

NMR photophysical
lysozyme maintains its tridimensional
structure upon interaction with Cso and that the fullerene
binds selectively in the protein substrate binding pocket.?576
Proteins are able to interact with the hydrophobic cage of
fullerene via stacking interactions, hydrophobic
interactions, surfactant-like interactions, and charge-nt
interactions.”>-80
In this paper we show that the Ceo@lysozyme hybrid can be
potentially exploited in PDT therapy.

T-TU

Materials and Methods
Materials.

Lysozyme from chicken egg white lyophilized powder (Cat. N°
L6876), fullerene-Cgo (Cat. n° 483036) and Type VI-A
Peroxidase from horseradish lyophilized powder (Cat. n°
P6782) were purchased from Sigma Aldrich. For the
photoirradiation experiments the compounds were dissolved
in Dulbecco's Phosphate Buffered Saline 10X (Cat. n°® X0515)
diluted in Milli-Q water. For centrifuge filtration, 3K Amicon
Ultra-0.5 Centrifugal Filter Units with Ultracel-3 membrane
(Cat. n° UFC500324) was used. Dulbecco's Modified Eagle's
Medium (DMEM), DMEM without glucose, sodium pyruvate
and red phenol, fetal bovine serum (FBS) South-America, L-
glutamine and penicillin-streptomycin were purchased from
Gibco-Life Technologies Corporation. B-D-glucose BioXtra >
99.5%, sodium pyruvate, 2’-7’-dichlorofluorescein diacetate
(DCFH-DA Cat. n° 35848) were purchased from Sigma Aldrich.
Hydrogen peroxide (H,O0, 33% w/v) was purchased from
Panreac, PBS (pH 7.4) from Lonza and Milli-Q water from
Millipore.

Light Sources

Low-power energy source. A 6W warm white (3000 K) Light-
Emitting Diode (LED) bulb purchased from BTEK® was used as a
low-power light source. The bulb dimension is @ 50 x 61 mm
with a beam angle of 120°. The LED irradiance is around 0.064
mWcm-2in 400-750 nm wavelength
homogeneous area of irradiation, the samples were placed

range. To have a
under the LED source at distance of 25 cm during treatment.
High-power energy source. A SANOLUX HRC 300-280 E27
lamp operating in the 400-750 nm wavelength range
purchased from Osram was used. To have a homogeneous
area of irradiation the samples were placed under the light
sources at the distance of 50 cm from the lamp providing an
irradiance of 1.6 mWcm~2 on the samples during treatment.
Synthesis of Cso@Lysozyme

The adduct Cso@lysozyme was synthesized as described
previously.”s Cso powder was used in 2:1 excess with respect to
the stoichiometric relationship, to 1 mL of a 1 mM solution of
lysozyme in Milli-Q water. After sonication for 60 min using a
probe tip sonicator (Hielscher - Ultrasonic Processor UP200St,
equipped with the sonotrode S26d7, used at45% of the
maximum amplitude) in an ice bath, C¢o was dispersed in the
lysozyme solution forming a dark brown mixture. A dark-

This journal is © The Royal Society of Chemistry 20xx



brown solution was obtained after centrifugation at 10600 g
for 10 min and the collection of the supernatant. In order to
eliminate possible ROS generated during the sonication
process, the solution has been washed four times with the 3K
Amicon Ultra-0.5 Centrifugal Filter Units, using a volume of 500
BL and spinning at 14000 g for 20 minutes, obtaining a
concentration factor of 8. After each spin the volume of the
concentrated solution has been brought back to its original
value using Milli-Q water.

Detection of singlet oxygen generation. Singlet oxygen
emission spectra were recorded with a spectrofluorimeter
Edinburgh FLS920 equipped with a Ge detector for emission in
the NIR spectral region. Correction of the emission spectra for
detector sensitivity in the 1200-1400 nm spectral region was
performed.

ROS production of Cso@Lysozyme in PBS buffer
Cso@lysozyme irradiation. Ceo@lysozyme solutions in PBS 10
mM pH 7.4 have been irradiated in in the visible range in
PMMA cuvettes (optical path 1 cm), both with a high power
and a low power light source. During the irradiation process
the cuvettes, containing 2.5 mL of solution, have been kept
under vigorous stirring.

ROS quantification. The amount of ROS generated during the
process has been assessed immediately after irradiation using
the DCFH spectrofluorimetric test.8!

DCFH was prepared from DCFH-DA by mixing 0.5 mL of 1.0 mM
DCFH-DA in methanol with 2.0 mL of 0.01M NaOH. The
hydrolysis DCFH-DA proceeded at
temperature for 30 min, and the mixture was then neutralized
with 10 mL of 25 mM NaH,PQO4, pH 7.4. This solution was kept
on ice in the dark until use.8! 25 pL of a solution of HRP 0,1
mg/mL in PBS 10 mM, pH 7.4, and 125 plL of the prepared
ROS

reaction of room

solution of DCFH was added to each cuvette for
quantification.8?

For all the samples, after an incubation time of 30 minutes,
fluorescence measurements (Edinburgh Analytical Instruments
FLS920, equipped with a photomultiplier Hamamatsu R928P)
have been performed. The fluorescence signal was converted
to the concentration of ROS produced during the irradiation
using a calibration curve created using hydrogen peroxide
standard solutions (Figure S1).

Cell Culture

Human cervical adenocarcinoma (Hela) cell line was used as in
vitro model. Cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) South-America, 2mM L-glutamine and 50 U/mL penicillin-
streptomycin, the sterile culturing media was filtered by
means of 0.20 um filters (Millipore) just before the use. Cells
were growth in incubator at 37°C, 5% CO,, 21% O, and were
passed upon trypsin digestion every four days avoiding cells to
reach full confluence.

In vitro measurement of Cg@lysozyme photodynamic
activity

This journal is © The Royal Society of Chemistry 20xx

To measure the photodynamic activity of Ceo@lysozyme, Hela
cells were plated at a density of 4 x 103 cells per well in 24-well
plates. After overnight incubation, the cells were treated with
Ceo@lysozyme in serum-free and red phenol-free medium. Half
of the samples were exposed to the light source, while the
others were incubated in absence of any exposure to light
(dark condition). Cell viability was conducted after 24 h of
incubation upon photo-irradiation.

Cell viability studies. Cell viability was assessed by using
erythrosine B exclusion assay. Cell survival was expressed as
the percentage ratio of viable treated cells in comparison with
the corresponding viable untreated controls. For statistical
elaboration and ICso calculation, OriginPro Software was used.
Reported data corresponded to mean value * standard
deviation (SD) from at least three different experiments.
Measurement of intracellular Reactive Oxygen Species (ROS)
The measurement of intracellular ROS was based on the
detection of the fluorescence due to the oxidation of 2,7-
dichlorohydrofluoroscein (DCFH-DA). DCFH-DA
passively enters the cells and then reacts with ROS to form a

diacetate

highly fluorescent compound dichlorofluorescein (DCF).8!
Cso@lysozyme treatment. Hela cells were plated at a density
of 6 x 10% cells per well in 35 mm Petri dishes. After overnight
incubation at 37°C, 5% CO,, the cells were washed with PBS
and incubated with 100 uM DCFH-DA in PBS for 30 min,
washed and maintained in complete medium for 30 min to
avoid any nonspecific artifacts.®3 The cells were then treated
with Ceo@lysozyme in serum-free and red phenol-free medium
and irradiated for 10 min with the high-power energy light
source. Cells were kept in incubation for other 30 min and then
washed three times with PBS before analysis.

H,0; treatment. Hela cells were plated at a density of 6 x 104
cells per well in 35 mm Petri dishes. After overnight incubation
at 37°C, 5% CO,, the cells were washed with PBS buffer and
incubated with 100 @M of DCFH-DA in PBS for 30 min, washed
and maintained in complete medium for 30 min to avoid any
nonspecific artifacts.83 Then, the cells were treated with a
solution containing 200 uM of hydrogen peroxide for 30 min,
1h and 3h. The cells were washed three times with PBS before
analysis.

The fluorescence of DCF was observed using an inverted Ti-S
Nikon microscope equipped with a fluorescence module
employing a mercury lamp and using a 494 nm excitation and
518 nm emission filter. The fluorescence signal was captured
using a Qlmaging Retiga-2000RV CCD digital camera. The mean
values of the fluorescence intensities were estimated by using
the histogram intensity profiles of the images, obtained with
the same exposure settings, from at least thirty different cells.
Statistical analysis.

Statistical elaboration of the data was carried out using the
OriginPro Software. Statistical significance was established
using one-way ANOVA test. P values < 0.05 (*), < 0.01 (**), <
0.001 (***) were considered as statistically significant.

J. Name., 2013, 00, 1-3 | 3



Results and Discussion
Ceo@lysozyme adducts were prepared by the method
developed previously’> and reported in the Materials and
Methods section. Cso is highly hydrophobic and insoluble in
most polar solvents, especially water. We prepared
monodispersed fullerenes by complexation with lysozyme in
the form of Cg@lysozyme, forming a noncovalent
supramolecular complex. The obtained yellow water solution is
stable for months and once formed Cgo@lysozyme adduct does

not dissociate.
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Figure 1. Spectroscopic characterization of Cgo@lysozyme
hybrid. A) UV-visible spectra of lysozyme (orange line) and
Ceo@lysozyme hybrid (blue line). B) Differential spectrum of
Cso (Cso@lysozyme-lysozyme). The inset shows the absorbance
of the Ceo@lysozyme hybrid in the visible range 400-650 nm.

The UV-visible spectrum of Ceo@lysozyme (Figure 1A) revealed
features that belong to both components of the hybrid,
showing the distinctive absorption of Cg (341 nm) and of the
protein (281 nm). In addition to the diagnostic bands of Cgo at
260 and 341 nm, it is evident an absorption bands in the 400-
600 nm range (see also the differential spectrum of Cso, Figure
1B, and the inset) that can be potentially exploited for PDT
therapy.

Detection of singlet oxygen generation by Cso@lysozyme
Preliminary measurements to test the photosensitizing ability
of Ceo@lysozyme hybrid to produce singlet oxygen (10;) in
water upon visible light irradiation were carried out measuring
the near IR emission of 10, around 1270 nm, due to the singlet
oxygen phosphorescence which corresponds to the O; (1Ag ) -
0, (3Z¢7) transition. This measurement is considered the most
reliable direct observation of 10, system. The 10, emission

4 | J. Name., 2012, 00, 1-3

spectrum obtained after irradiation of the Cso@lysozyme with
a Xenon lamp, excitation at 514 nm, is shown in Figure 2,
clearly indicating that Cso@lysozyme hybrid upon irradiation is
able in water to produce singlet oxygen. Ceo@lysozyme shows
a singlet oxygen quantum vyield higher than Rose Bengal
(®p=0.76) (see Figure S3).

3000

2500

2000 / \

/ \
1500 / \
|
/
1000 | / \
!”
//
500 -] /

T
1300
Wavelength / nm

Fluorescence Intensity / a.u.

T 1
1350 1400

Figure 2. Emission spectra from singlet oxygen generated upon
excitation at 514 nm for a solution 1 mM of Cso@lysozyme

(black line) and lysozyme (red line)

ROS Generation Ability of Cso@lysozyme in PBS buffer

To evaluate quantitatively the photosensitizing ability of
Ceo@lysozyme adducts, an optimized DCFH methodology,
specifically developed for nanoparticles3? was used to measure
the generation of ROS upon irradiation by visible light. In the
presence of ROS, DCFH is rapidly oxidized to the highly

fluorescent 2’,7’-dichlorofluorescein (DCF), allowing ROS
quantification in solution (Figure 3).
HO o OH o
SO u
cl g el cl

O OH

DCFH (non fluorescent) DCF (higly fluorescent)

Figure 3. Oxidation of DCFH by ROS to produce the highly
fluorescent DCF

Before the experiments, the Cg@lysozyme solution was
carefully washed using 3K Vivaspin® in order to eliminate
possible ROS generated during the sonication process.&

The ability to generate ROS by Cso@lysozyme in PBS, for
different concentrations (Figure 4A) where the adduct is stable
and for different irradiation times (Figure 4B) were
investigated. The concentration of Cg@lysozyme was
estimated using the absorbance band at 341 nm. Two
irradiation sources, with different intensity, were used. The
ROS concentration generated during the irradiation is plotted
as difference between the signals of the Cso@lysozyme
samples and that of the reference, i.e. lysozyme, with the

This journal is © The Royal Society of Chemistry 20xx



same protein concentration of the Cso@lysozyme samples, and
under the same lightning conditions.
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Figure 4. ROS generated by A) different concentrations of
Cso@lysozyme B) different irradiation times; using a mild light
source (white diamonds) or a strong light source (black dots).

The changes in fluorescence intensity of DCF reveal ROS
generation from the Cg@lysozyme solution. Figure 4 shows
ROS generation from Cgo@lysozyme during visible light
illumination. It appears that:

i) Strong illumination is able to produce more ROS than mild
illumination,

ii) The generated ROS are proportional to the concentration of
Ceo@lysozyme. This trend, as function of Cso@lysozyme
concentration, supports the monodispersed state of Cso
molecules in solution, since no detrimental variation in the
generation of ROS are observed by increasing the Cgo
concentration as commonly happens when aggregation
phenomena occur.12,65,85

iii) The Ceo@lysozyme exhibited an increased generation of
ROS at increasing irradiation times.

Control experiments with the same Cg@lysozyme solutions at
different concentrations kept in the dark showed consistently
signals below the limit of detection of the assay, confirming
that the Ceo@lysozyme is photoactive only upon visible light
irradiation.

Phototoxicity of Cso@lysozyme in Hela cells by Visible Light
Irradiation.

To assess in vitro the cytotoxicity of Cgo@lysozyme upon
irradiation, the ability of the hybrid to inhibit growth and
induce cell death upon photoexcitation with visible light was
tested. Hela cells, a highly proliferative in vitro human cancer
model, were used. The survival of Hela cells in the presence or

This journal is © The Royal Society of Chemistry 20xx

in the absence of light irradiation was measured by using the
erythrosine B exclusion assay. Erythrosine is a membrane-
impermeable dye, which is included upon dead cells with a
leaky membrane and is kept out by living cells with an intact
plasma membrane. No reduction in the untreated cell viability
was observed upon the irradiation of the cells with the visible
light low-energy power source (Figure S2).

On the contrary, the presence of Ceo@lysozyme caused a
marked reduction in the viability of Hela cells in a dose
dependent manner, when irradiated with the same light
source (Figure 5). The results show that the cell survival rate is
related to the concentration of the photosensitizer present in
the cell medium. As the concentration of Cg@lysozyme
increases, the cell viability decreases. Upon treatment with 5
uM of Cg@lysozyme the percentage of survival cells is
reduced to 62% compared to the controls (photo-irradiated
samples without Cso@lysozyme and no photo-irradiated cells
respectively). Since the photodynamic activity of
Ceo@lysozyme is dose-dependent, the relative medium
inhibitory concentrations (ICsg) was estimated. The value of
the ICso upon 1 h of low-energy power light irradiation is 3.32 £
0.36 puM.

% % %k
100
2 80
2
Z 60
ks
>
5 40
@)
20
0+
0.1 1 10 100
[C60@Lyz] / uM

Figure 5. Cytotoxicity study of different concentrations of
Ceo@lysozyme [C60@Lyz]. Samples exposed for 1h to a low-
energy power light irradiation (0.064 mWcm-2) and incubated
24h before counting. Each value represents the mean value +
standard deviation (SD) of three experiments and the cell
viability is normalized by the control treated in strictly dark
condition.

Since in PBS buffer a stronger irradiation produced more ROS
than a milder one, we repeated the same experiment with a
more intense light source. Using the strong light source, no
reduction in the cell viability was observed only for the first 10
min of irradiation, then increasing the irradiation time (Figure
S2) the cell viability significantly decreases. Because of the
strong effect after 10 minutes, the experiments were carried
out only for 5 and 10 min, to avoid the intrinsic photo-toxicity
of the lamp.

J. Name., 2013, 00, 1-3 | 5
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Figure 6. (A) Effect on cell viability upon photo-irradiation with
high-power energy source (1.6 mWcm-2) as a function of time.
Samples are in the absence (black bars) or in the presence
(grey bars) of 5 uM of Ceo@lysozyme. Each value represents
the mean value * standard deviation (SD) of three
experiments. Phase contrast images of Hela cells in the
absence (B) and in presence (C) of 5 uM of Ceo@lysozyme after
10 min of irradiation. (Scale bar: 100 pum).

Ten minutes of irradiation with the more intense light should
generate the same quantity of ROS generated upon 60 min of
irradiation with the milder light as showed in the previous
paragraph, and in fact the effect on the cells is very similar
(Figure 6) and after 10 minutes of irradiation the cell viability
decreases to 60%.

Generation of Intracellular ROS

The generation of H;0, due to the photoactivity of
Ceo@lysozyme causes oxidative stress and cell death since
hydrogen peroxide easily permeates through the membranes
and activates endogenous ROS production.

The generation of ROS in the PBS buffer was previously
evidenced from the fluorescence enhancement of DCF upon
photoexposure of the Cgp@lysozyme solution. Also the
measurement of the intracellular ROS is based on the DCFH-DA
molecule, that is able to permeate the cell membrane, and is
hydrolyzed by the cellular esterases to DCFH, and in the
presence of intracellular ROS is oxidized to the highly
fluorescent DCF.8! The fluorescent intensity of DCF in the cell is
an indirect measure of intracellular ROS levels, and gives useful
information about the toxic effects of Cso@lysozyme on living
cells. The cells treated with Cg@lysozyme and irradiated
(Figure 7C-c) showed a considerable increase in levels of DCF
fluorescence, while the cells with the same concentration of
Ceo@lysozyme, kept in the dark (Figure 7D-d), or cells without
Ceo@lysozyme, irradiated (Figure 7F-f) or kept in the dark,
(Figure 7G-g) does not show a significant fluorescence signal.
As a positive control, and for comparison, the Hela cells were
exposed to 200 uM H,0,, and as a result they also showed
significant fluorescence signal (Figure 7E-e). It is well-known
that treatment of Hela cells with hydrogen peroxide causes
intracellular accumulation of ROS,8¢ and the effects are similar
to that described for the Cso@lysozyme upon irradiation.

In order to discriminate the amount of oxidative stress induced
by the Ceo@lysozyme or by irradiation system, we measured
quantitatively the fluorescence intensities.

6 | J. Name., 2012, 00, 1-3

The increase in DCF fluorescence after illumination is shown in
Figure 10A. Fluorescence intensity displays a 4-fold increases in
DCF fluorescence for the cells treated with Cso@lysozyme, as
compared to the light-treated controls, showing a clear effect
of the ROS generation by Cg@lysozyme. The fluorescence
signal is mainly located in the perinuclear region (Figure 10H-
h).

Photoirradiation B
Dark condition

A 300

250

200 -

100

Fluorescence Intensity / a.u.

50 -

T T T
C60@Lyz Control C60@Lyz Control 3h 1h30" 30 Blank

C60@Lyz Irradiated
Control Irradiated

C60@Lyz Dark
Control Dark

H,0, (200uM)

Figure 7. (A) DCF fluorescence intensity (a.u.) upon 10 min
photo-irradiation with high-power energy source (1.6 mWcm-
2). Samples are in the absence (white bars) or in the presence
(black bars) of 5 uM of Ceo@lysozyme, [C60@Lyz]. Each value
represents the mean value + standard deviation (SD) of three
experiments. Hela cells show an increase in ROS levels upon
treatment with 5 puM of Cg@lysozyme upon 10 min of
irradiation (C-c) as compared to the cells kept under dark
conditions (D-d), the photo-irradiated control cells without
Ceo@lysozyme (F-f) and the untreated cells (G-g). Treated cells
with 200 uM of H,0; for 3h were used as positive control (E-e).
(B) DCF fluorescence intensity (a.u.) upon different exposition
time of the Hela cells to the solution 200 uM of H,0,. (H-h)
Enlargement of the cells in the panels C-c. Panels (c-h) were
acquired using fluorescence microscopy with 485/20 nm
excitation and 535/40 nm emission filter sets after incubating
cells with 100 uM of DCFH-DA for 30 min following appropriate
treatment, while panels (C-H) show the bright field images
(transmission).

Conclusions

Ceo@lysozyme hybrid is able to produce singlet oxygen in
water upon visible light irradiation as proved by the near IR

This journal is © The Royal Society of Chemistry 20xx



emission of 10; around 1270 nm. The ROS generation ability of
Cso@lysozyme in PBS buffer was demonstrated quantitatively
by DCF test. The photoactivity of Ceo@lysozyme depends on
intensity of the radiation, concentration of Cso@lysozyme and
irradiation time. In the dark Cso@lysozyme does not produce
ROS, confirming that the photoactivity of Cso@lysozyme occurs
only upon visible light irradiation.

Ceo@lysozyme significantly reduced Hela cells viability in
response to visible light and after only 10 minutes of
irradiation the cell viability is decreased to 60%.

Intracellular ROS were detected after visible light exposure of
Cso@lysozyme showing that the hydrogen peroxide produced
upon irradiation easily permeates through the membranes and
activates endogenous ROS production.

These results indicate that Cso@lysozyme is phototoxic and is a
promising photosensitizer for PDT. The protein platform could
also be improved since it offers different chemical groups for
functionalization with:

i) tumor-targeting tags to improve the cancer cell selectivity
and promote the cellular uptake of the photosensitizing agent;
ii) imaging tags to create a theranostic platform;

iii) light-harvesting antennae to enhance the ROS production
and to extend the absorption spectrum further into the red.
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