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Abstract: Fullerenes are considered excellent photosensitizers, being highly suitable for photody-
namic therapy (PDT). A lack of water solubility and low biocompatibility are, in many instances, still
hampering the full exploitation of their potential in nanomedicine. Here, we used human serum albu-
min (HSA) to disperse fullerenes by binding up to five fullerene cages inside the hydrophobic cavities.
Albumin was bioconjugated with folic acid to specifically address the folate receptors that are usually
overexpressed in several solid tumors. Concurrently, tetramethylrhodamine isothiocyanate, TRITC, a
tag for imaging, was conjugated to C60@HSA in order to build an effective phototheranostic platform.
The in vitro experiments demonstrated that: (i) HSA disperses C60 molecules in a physiological envi-
ronment, (ii) HSA, upon C60 binding, maintains its biological identity and biocompatibility, (iii) the
C60@HSA complex shows a significant visible-light-induced production of reactive oxygen species,
and (iv) folate bioconjugation improves both the internalization and the PDT-induced phototoxicity
of the C60@HSA complex in HeLa cells.

Keywords: C60; fullerenes; human serum albumin; folate; photodynamic therapy; phototheranostic platform

1. Introduction

Fullerenes have attracted much attention as potential PDT photosensitizers for use
as antimicrobial and anticancer therapies [1–5]. Compared with the photosensitizers
commonly used in PDT [6,7], fullerenes have several advantages that include:

(i) A higher photostability and lower photobleaching than conventional dyes;
(ii) An ability to generate reactive oxygen species (ROS) following both type I and type

II photophysical mechanisms, while conventional dyes primarily follow the type II process;
(iii) A high efficacy of ROS production, with a quantum yield of 1O2 generation that is

close to unity.
However, the use of fullerenes in PDT still has significant practical limitations due to

the lack of water solubility and their low biocompatibility [1–5]. Another key component
of the efficacious use of fullerenes in PDT is their monomolecular dispersion in solution.
Indeed, aggregation is a well-known element that causes fullerenes to be inactive as photo-
sensitizers [8–10]. The characteristics of the fullerene dispersion affect its photophysical
and photochemical properties at the molecular level [11]. The crucial intermediate 3C60*,
which produces ROS, interacting with the ground state of molecular oxygen, is extremely
environment-sensitive [8–11]. Aggregation significantly quenches or shortens the lifespan
of the long-lived triplet excited state, which lowers the efficiency of the ROS generation [11].
In addition, aggregation phenomena also decrease the surface area of C60 that comes into
contact with oxygen and actively produces ROS [8–11].

Supramolecular hosts can be used to efficiently disperse fullerenes in aqueous media
without any modification of their molecular structures. In particular, fullerenes can be

Nanomaterials 2022, 12, 3501. https://doi.org/10.3390/nano12193501 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano12193501
https://doi.org/10.3390/nano12193501
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-2598-497X
https://orcid.org/0000-0002-0738-2211
https://orcid.org/0000-0003-0690-306X
https://orcid.org/0000-0003-3494-298X
https://orcid.org/0000-0002-9583-2146
https://doi.org/10.3390/nano12193501
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12193501?type=check_update&version=3


Nanomaterials 2022, 12, 3501 2 of 15

dispersed as single molecules in physiological contexts, avoiding aggregation, by using
biomolecules [4], such as proteins and peptides [12–21]. Proteins play a role similar to that
of “Trojan Horses” [22], since they (i) can disperse fullerenes, hiding the cages inside their
cavities, and (ii) regulate their cellular uptake, maintaining their biological identity.

Albumins are ideal protein carriers for therapeutic agents and photosensitizers because
of their unique properties, such as biocompatibility, biodegradability, their absence of
toxicity, non-immunogenicity and long blood circulation [23–28]. Human serum albumin
(HSA) is a single-chain protein with a molecular weight of 66.7 kDa, composed of 585 amino
acids [23–28]. HSA is water-soluble and is the most abundant protein in human blood
plasma, with a half-life of approximately 21 days [23–28]. HSA is the natural carrier of
hydrophobic molecules in the blood. Albumins have already demonstrated their ability to
interact with fullerene derivatives [29–44]. HSA exhibits passive tumor targeting due to its
enhanced permeability and retention (EPR) effect. As a result of the leaky vasculature and
lack of lymphatic drainage in tumor tissues, HSA can extravasate and accumulate in the
tumor tissue, reaching high intratumor concentrations [23–28]. Additionally, two albumin-
binding proteins, gp60 (a 60 kDa albumin-binding glycoprotein) and the albumin-binding
protein SPARC (secreted protein acidic and rich in cysteine), also facilitate the absorption
and retention of albumin in cancer cells via active targeting [23–28]. Albumin can also be
functionalized using targeting ligands to specifically address the overexpressed receptors on
the surface of cancer cells, i.e., EGFR [45], folate receptors (FR) [46] or interleukin-13 alpha
2 receptor (IL13Rα2) [47]. In particular, folate receptors are glycoproteins (35–40 kDa),
which are widely overexpressed on the surfaces of numerous cancer cells, such as the
ovarian, triple-negative breast and lung [46,48]. As a result, the folate receptors represent a
natural choice for the development of cancer-targeted delivery systems [46,48].

Here, we demonstrated that HSA can bind and monomolecularly disperse C60 in
physiological conditions. The resulting C60@HSA complex is strongly photoactive, produc-
ing large numbers of ROS (following both type I and type II photophysical mechanisms)
when exposed to visible light. In addition, since the protein platform offers a variety of
chemical groups for functionalization, the performance of the C60@HSA biohybrids can
also be improved by attaching i) folate molecules to selectively target the folate receptors,
enhancing cellular uptake, or ii) imaging tags, such as TRITC, to build phototheranostic
platforms [20,26,49]. The PDT-killing activity of C60@HSA, and especially that of C60@HSA-
folate, can be observed in HeLa cells upon light irradiation, while the hybrids are completely
biocompatible in dark conditions.

2. Materials and Methods
2.1. Synthesis and Characterization of the Biohybrids
2.1.1. Materials

Human serum albumin (HSA) (Cat. No. A3782), folic acid (FA) (Cat. No. F7876), N-
hydroxysulfosuccinimide sodium salt (NHS) (Cat. No. 56485), N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC), 10-Acetyl-3,7-dihydroxyphenoxazine (Am-
plex Red) (Cat. No. 90101), type VI-A peroxidase from horseradish lyophilized powder
(HRP) (Cat. no. P6782), hydrogen peroxide solution 30% (w/w) (Cat. No. 31642-M), 9,10-
anthracenediylbis (methylene) dimalonic acid (ABMDMA) (Cat. No. 75068), deuterium
oxide (Cat. No. 151882-100G), tetramethylrhodamine isothiocyanate mixed isomers (TRITC,
Cat. No. 87918), Amicon Ultra centrifugal filters (MWCO 30 kDa, Millipore UFC503024)
(Cat. No. Z677892-24EA), dimethyl sulfoxide (DMSO) (Cat. No. 472301), sodium chloride
(Cat. No. S9888-M), potassium phosphate monobasic (Cat. No. P0662-M), sodium phos-
phate dibasic (Cat. No. S0876), potassium chloride (Cat. No. P3911M), sodium bicarbonate
(Cat. No. 31437-M), sodium carbonate (Cat. No. 223530) and MWCO 14 kDa dialysis
tubing cellulose membrane (Cat. No. D9652) were purchased from Sigma Aldrich (Merck).
Milli-Q water was used for the preparation of all the aqueous solutions.
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2.1.2. C60@HSA Synthesis and Purification

A total of 33 mg of HSA was dissolved in 5 mL of PBS. A total of 7.2 mg of C60
powder was added, and the solution was sonicated for two hours in an ice bath at 45%
of the maximum amplitude with a tip sonicator Hielscher Ultrasonic Processor UP200St,
equipped with a sonotrode S26d7. To remove the insoluble C60 aggregates, the resulting
turbid brown mixture was centrifugated for 10 min at 10,000 rpm at room temperature, and
the orange/yellow supernatant was collected. The recovered solution was then extensively
dialyzed against 400 mL of PBS three times using cellulose membrane dialysis tubes with a
14 kDa cut-off.

2.1.3. Amplex Red Assay for Peroxides Quantification

The ability to generate peroxides in solution upon irradiation with visible light was
evaluated using an Amplex Red fluorometric assay. HRP catalyzes the reaction between
the colorless nonfluorescent Amplex Red and peroxides to form the colored and fluorescent
resorufin. A total of 10 µL of Amplex Red 50 mM in DMSO was added to 1 mL of phosphate
buffer of 50 mM, pH 7.4. Then, 10 µL of HRP of 0.4 mg/mL in PBS was added to the
Amplex Red solution to obtain the final working solution. A total of 90 µL of the solutions
under investigation, in phosphate buffer saline of 50 mM, pH 7.4, was irradiated for 10 min
with visible light on 96-well microtiter plates (cold white LED, Valex, 30 W lamp at a
distance of 30 cm from the plate, irradiation power density on the cell plate = 2.4 mW/cm2,
measured with the photo-radiometer Delta Ohm LP 471 RAD). A total of 10 µL of Amplex
Red working solution was added to each sample (and to the corresponding references, kept
in the dark) immediately after irradiation. After 30 min of incubation at room temperature,
the fluorescence of the samples was recorded at 590 nm, using 560 nm as the excitation
wavelength. A calibration curve generated using standard solutions of H2O2 was used to
convert the fluorescence signal to the peroxide concentration generated upon irradiation.
Fluorescence measurements were carried out using a Perkin Elmer EnSpire® (Waltham,
MA, USA) Multimode Plate Reader.

2.1.4. The 1O2 NIR Fluorometric Detection

Singlet oxygen emission spectra were recorded with an Edinburgh FLS920 spectroflu-
orometer equipped with a Ge detector for emissions in the NIR spectral region. The sample
buffer was exchanged for deuterated PBS (prepared in D2O) using Amicon Ultra-0.5 cen-
trifugal filter units (MWCO 30 kDa) for three cycles, restoring the initial volume of the
samples. Emissions were recorded in the 1100–1500 nm spectral range in aerobic conditions,
with an excitation wavelength of 514 nm. A correction of the emission spectra for the
detector sensitivity was performed.

2.1.5. C60@HSA-FA Synthesis and Purification

A total of 5 mg of folic acid was dissolved in 0.5 mL of DMSO. The solution was
mixed with vortex for one hour until complete dissolution was achieved. A total of 6 mg
of EDC and 2 mg of NHS were then added. The solution was mixed for a further 5 h in
the dark. A total of 200 µL of this solution was added dropwise to the C60@HSA solution
under vigorous stirring (1000 rpm). At the end of the addition, the solution was kept under
moderate stirring overnight in the dark. The day after, the solution was filtered with a
200 nm RC syringe filter. The solution was then dialyzed against 400 mL of PBS to remove
unconjugated folate molecules and reaction coproducts. The dialysis cycles were stopped
when no trace of folate was observed in the UV–Vis spectra of the dialysis waters.

2.1.6. C60@HSA-FA-TRITC Synthesis and Purification

TRITC was dissolved in DMSO to obtain a 5 mM stock solution. A total of 20 µL
of this solution was then added dropwise to 380 µL of the C60@HSA and C60@HSA-FA
solutions (both 50 µM in 100 mM sodium carbonate buffer, pH 9). The mixture was then
incubated overnight at 25 ◦C under continuous shaking at 700 rpm (ThermoMixer HC,
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S8012-0000; STARLAB, Hamburg, Germany). To remove the unconjugated TRITC, the
bioconjugates were dialyzed using 10 mM sodium carbonate buffer (pH 9) and using a
cellulose membrane. The UV–Vis spectra of the dialysate were obtained to monitor the
purification process. To remove the alkaline buffer, the last dialysis cycle was performed
against PBS.

2.1.7. Characterization of the HSA Bioconjugates

The absorption spectra were recorded using a Cary60 UV–Vis spectrophotometer (Agilent).
Mass spectra were acquired using ACQUITY UPLC equipped with a BEH300 C4

column (2.5 µm, 4.6 × 150 mm, Waters Corporation, Milford, Worcester, MA, USA) and
coupled with an ESI-QTOF mass spectrometer (Waters Corporation, Milford, Worcester,
MA, USA). The concentration of the protein bioconjugates was 100 µM. The samples were
injected at a flow rate of 0.2 mL/min and eluted by a gradient elution (phase A: 0.1%
formic acid in H2O, phase B: 0.1% formic acid in ACN; 0 min 80%A 20%B, 30 min 30%A
70%B, 31 min 80%A 20%B, 50 min 80%A 20%B; column temperature 40 ◦C). Positive-ion
ESI mass spectra were acquired using a capillary voltage of 3 kV, a sample cone of 50 V
and a desolvation gas flow of 800 l/h. The source and desolvation temperatures were
150 and 350 ◦C, respectively. All spectra were acquired in the range of m/z 50–2000. Raw
data were background-subtracted and deconvoluted using Unidec software in the range
of m/z 1000–2000.

Agarose gel electrophoresis was performed using an Owl Easycast B-Series Horizontal
Gel Systems Model B2. The electrophoresis was performed using a 0.5 cm thick 1% agarose
gel. PBS was used as the sample buffer and Tris-glycine at pH 7.4 was used as the running
buffer. A total of 15 µg of protein conjugates, containing 20% v/v of glycerol, were loaded
into each well. The run was performed by applying a potential of 100 V.

Dynamic light scattering (DLS) measurements were performed using a Malvern Instru-
ments DLS ZetaSizer Nano-ZS. DLS measurements were carried out using a concentration
of the protein bioconjugates of 5µM in PBS at room temperature.

The stability of the bioconjugates was evaluated over 3 h (the incubation time used
for the in vitro experiments) at 37 ◦C in PBS by UV–Vis measurements following the
absorbance of the fullerene diagnostic band at 341 nm. The concentration of all the protein
bioconjugates was 5 µM.

2.2. Computational Details
2.2.1. Docking

The crystal structure of HSA (PDB ID: 1N5U) was downloaded from the Protein
Data Bank (PDB) and used for the docking calculations. Docking models were obtained
using the PatchDock algorithm, which computes the shape complementarity between
two entities (ligand and receptor), minimizing the number of steric clashes. PatchDock
(i) assigns concave, convex or flat patches to the ligand and receptor surfaces; (ii) matches
concave–convex/flat–flat and generates a set of candidate transformations; and (iii) ranks
the different poses, using a scoring function that takes in account the shape complementarity
and the atomic desolvation energy of the complex (the most important terms in the case of
fullerenes). The first 15 docking poses were selected for the minimization, equilibration and
MD trajectory production stage. Using these 15 MD trajectories, the binding affinity was
calculated using the MM/GBSA protocol, and the best five binding sites were determined.

2.2.2. Minimization and MD Simulations

The Amber ff14SB force field was used to model the HSA. THe C60 carbon atoms
were modelled as uncharged Lennard-Jones particles using sp2 carbon parameters taken
from the GAFF force field. A total of 500 steps of steepest descent minimization, followed
by an additional 9500 steps of conjugate gradient minimization, were performed with
PMEMD for the 15 selected poses. The minimized structures were used as starting points
for the equilibration process. Periodic boundary conditions (PBC) and the particle mesh
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Ewald summation were used throughout (with a cut-off radius of 10.0 Å). H-atoms were
considered using the SHAKE algorithm and a time step of 2 fs was applied in all the MD
runs. The MD simulations were carried out using an explicit solvent (TIP3P water model).
Sodium counterions were included to precisely neutralize the charge of the system. Then,
we applied 10 ns of heating to 298 K using an NPT ensemble and temperature coupling
according to Andersen in order to equilibrate the system. This was followed by 100 ns of
the MD trajectories. Snapshot structures were saved into individual trajectory files every
1000 time steps, i.e., every 2 ps of the molecular dynamics.

2.2.3. Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) Analysis

A total of 1000 frames were extracted from the MD simulations and used for the
MM/GBSA analysis. An infinite cut-off was used for all the interactions. The electrostatic
contribution to the solvation free energy was calculated using the generalized Born (GB)
model, as implemented in MMPBSA.py. The nonpolar contribution to the solvation free
energy was determined using solvent-accessible, surface-area-dependent terms.

2.3. Cellular Experiments
2.3.1. Internalization Studies of C60@HSA-TRITC and C60@HSA-FA-TRITC

HeLa cells (ATCC reference number: CCL-2) were cultured at 37 ◦C and in 5% CO2
in DMEM (Dulbecco’s Modified Eagle Medium; ThermoFisher Scientific, Waltham, MA,
USA, 21969035) supplemented with 10% fetal bovine serum (South America), 2 mM L-
glutamine, 50 U/mL penicillin and 50 µg/mL streptomycin. For the C60@HSA-TRITC
and C60@HSA-FA-TRITC internalization experiments, 50.000 HeLa cells were plated on
each 3.5 cm-diameter Petri dish and grown overnight in the incubator, and the cell density
was evaluated as previously reported [50]. The day after the cell plating, the growing
medium was substituted for a fresh one, supplemented with 3.5 µM C60@HSA-TRITC
and C60@HSA-FA-TRITC. For the control samples (i.e., HeLa cells not incubated with
any C60@HSA derivatives), the growing medium was replaced with a fresh one without
further supplementation. After 3 and 18 h of incubation with the C60@HSA-TRITC and
C60@HSA-FA-TRITC, the medium was discharged, and the samples were washed with PBS
supplemented with calcium and magnesium (ThermoFisher product number: 14040091)
and measured in the presence of Hanks Balanced Salt Solution (HBSS; Sigma Aldrich prod-
uct number H8264). Each sample was washed just before the acquisition of the fluorescence
and phase contrast data. For each sample, 3 fields of view with a 20×magnification were
used for both the phase contrast and fluorescence (Nikon Texas Red HYQ cubic filter (λ
excitation = 532–587 nm, λ emission = 608–683 nm)) images, for which a Nikon Eclipse Ti
inverted microscope was employed. The internalization of the C60@HSA derivatives was
quantified by determining the average pixel intensity of the manually selected region of
interests (ROIs) in each fluorescence image using Fiji (ImageJ) software [51]. The ROIs were
drawn by contouring the region of each cell in a fluorescence image using a phase contrast
image as the reference. For each image, the basal mean fluorescence was determined as the
average of 3 ROIs drawn in the regions of the image with no cells, while the mean basal
fluorescence was subtracted to obtain the mean fluorescence value of each cell ROI. The
statistical analysis was performed with Origin 2019b software by two-tailed t-test analysis
(considering populations with different variances) and ANOVA two-way analysis.

2.3.2. Cytotoxicity and Photodynamic Activity of C60@HSA and C60@HSA-FA

The photodynamic activity of C60@HSA and C60@HSA-FA was evaluated on HeLa
cells, which were plated at a density of 2·104 cells per well on 48-well plates. Incubation
for 3 h (37 ◦C, 5% CO2) in dark conditions was performed using different concentrations
of C60@HSA and C60@HSA-FA. Before light treatment, the cells were washed using PBS.
Samples were irradiated for 10 min with a white light source kept at a distance of 30 cm
from the cell-plate. The irradiation power density of the cell plate was 2.4 mW/cm2

(measured with the photo-radiometer Delta Ohm LP 471 RAD). In parallel, the control
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samples were left in the same environmental conditions but in the absence of any exposure
to light (i.e., dark conditions). After 24 h of further incubation, upon photo-irradiation, the
cell viability was quantified by MTT assay.

3. Results and Discussion

C60@HSA was synthesized by adding C60 powder to a HSA solution contained in an
Eppendorf tube. The solution was ultrasonicated and centrifuged to remove the excess
C60. A brown solution was obtained by collecting the supernatant. C60 is totally insoluble
in water. The UV–Vis spectrum of the solution (Figure 1A) clearly showed the diagnostic
band of the fullerene, centered at 341 nm, indicating its presence in the water solution and
proving the formation of the C60@HSA complex.

Figure 1. (A) UV–visible spectra of C60@HSA (black line) and HSA (red line) in PBS. In Figure S1, the
UV–visible spectrum of C60 in toluene is depicted. (B) The most probable fullerene binding pocket in
HSA, identified by a docking algorithm followed by molecular dynamics simulations.

The electrophoretic characterization of C60@HSA clearly confirmed the encapsulation
of C60 in the protein (Figure S2). Considering the initial HSA concentration and the molar
extinction coefficients of C60 (see SI for the determination of the binding stoichiometry),
an average number of 4.3 fullerene molecules were identified, which were bound to a
single HSA. This stoichiometry is not surprising, since albumin has seven hydrophobic
fatty acid binding sites (FA1–FA7). Using a docking methodology used to recognize the
sites of interaction between proteins and carbon nanomaterials [52–60], we docked C60
in the HSA crystal structure to identify the most probable C60 binding site in the HSA.
We identified 15 possible C60 binding sites (see Figure S3). Starting with these poses,
MD simulations were carried out, followed by MM/GBSA analysis of the trajectories, to
obtain the binding energy of C60 in these pockets. The five most probable binding sites
(Figure 1B) were identified: the Sudlow site 1 (FA7), the heme binding pocket (FA1), the
albumin-binding side FA6, the Sudlow site 2 (FA3,4) and the albumin-binding side FA5.
The fullerene cage consistently showed a strong shape complementarity with these HSA
pockets (Figures S4–S8). Fullerene binding requires the existence of a hydrophobic cavity
in the protein in order to accommodate the fullerene cage. A direct consequence is that van
der Waals interactions are the most crucial term for the recognition and binding of C60 to
HSA. Nonpolar solvation (the hydrophobic effect) assists with the binding, while polar
solvation typically works against it. The contribution of each amino acid to the binding
is determined by the decomposition analysis (fingerprint analysis) of the overall binding
energy (see Figures S2–S6). The amino acids with the largest binding contributions are
aromatic amino acids (Tyr 138, Tyr150, Tyr161, His 242), characterized by π-π interactions



Nanomaterials 2022, 12, 3501 7 of 15

with C60 [61], followed by hydrophobic amino acids (Leu238, Leu327, Leu347, Pro384,
Leu387, Ile388, Ile513, Leu516, Val555), interacting with the fullerene cage via vdW and the
hydrophobic effect [61], and charged amino acids (Glu141, Lys351), interacting with C60
via surfactant-like interactions [61].

ROS formation in biological samples can be evaluated using different bioanalytical
approaches [62,63]. Two different pathways exist for the production of ROS upon light
absorption by C60 (See Scheme S1 in SI). When irradiated with the appropriate wavelength,
C60 is excited to singlet excited states (Sn). An intersystem crossing (ISC), which is formally
forbidden, although, in C60, the quantum yield is close to the unit, leads C60 to a T1 excited
state (3C60*). This state is characterized by a long lifespan, and its interaction with O2 can
generate reactive oxygen species (ROS) through two alternative pathways.

In the type I mechanism (electron transfer mechanism), 3C60* acquires a hydrogen
atom or an electron to form a radical, which further reacts with water or molecular oxygen,
leading to the production of different ROS, such as superoxide anions, hydroxyl radicals,
and hydrogen peroxide.

In the type II mechanism (energy transfer mechanism), an energy transfer between 3C60*
and molecular oxygen occurs, forming a highly reactive singlet oxygen excited state (1O2).

We used the Amplex Red assay to measure the generation of peroxides upon irradia-
tion with visible light (Figure 2A) [64–66] to determine if type I mechanism is active. The
number of peroxides produced is proportional to the C60@HSA concentration. The lack of a
plateau in the formation of peroxides when the C60 concentration increases, as is frequently
observed in the case of aggregation phenomena, confirms the monomolecular dispersion
of the C60 molecules in the solution. The C60@HSA hybrids produce peroxides only when
exposed to visible light, as was confirmed by control experiments using the same C60@HSA
solutions, which were kept in the dark (Figure 2A).

Figure 2. (A) Generation of peroxides during visible light irradiation (red histograms) and in the
dark (black histograms) using different concentrations of C60@HSA. (B) Emission spectra of singlet
oxygen generated upon the excitation of C60@HSA.

The ability of C60@HSA to produce singlet oxygen (1O2) in aqueous media upon
visible light irradiation was also demonstrated by measuring the near-IR emission of 1O2
centered at 1270 nm (Figure 2B) [65], indicating that the type II mechanism is also active.

These data clearly demonstrate that the C60@HSA complex follows both the type I
and type II photophysical mechanisms of ROS production.

The protein platform can be functionalized using targeting ligands for an effective
drug delivery and to target specifically overexpressed receptors. Folic acid (FA) is one of
the best options for the targeted killing of cancer cells. Due to the high folate demand,
the folate receptor alpha (FRα), a membrane-bound protein, is extensively expressed on
the surfaces of many human cancer cells. In contrast, the expression of FRα is minimal in
normal cells. FA is recognized by FRα even when it is covalently attached to a biomolecule
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or a nanoparticle [67–70]. The decoration of albumins [67,68] and albumin nanoparticles
with folate is a common strategy for targeting FRα [69,70], which enables an enhanced
targeted delivery to FRα-overexpressing cancer cells through FRα-mediated endocytosis
(Figure 3).

Figure 3. (A) Bioconjugation of folic acid to C60@HSA. (B) UV–visible spectra of C60@HSA (black
line) and C60@HS-FA (blue line) in PBS. In Figure S9, the UV–visible spectrum of FA in PBS. (C) Folate-
receptor-mediated endocytosis.

We conjugated folic acid (FA) on the surfaces of the C60@HSA complexes via an
EDC/NHS cross-coupling reaction between the carboxylic acid moiety of the folic acid and
the amine groups of HSA (Figure 3A).

Normalizing the UV–Vis spectra of C60@HSA and C60@HSA-FA (Figure 3B) at 450 nm
(where only absorption by C60 occurs), it is possible to estimate the number of FA molecules
conjugated per HSA, considering their absorbance at 363 nm. Based on the molar extinction
coefficient, at 363 nm of FA (6197 M−1cm−1) [71], an average of 7 FA molecules is conjugated
to each C60@HSA complex. The mass spectra of the C60@HSA-FA prove the successful
completion of the bioconjugation process (Figure S10).

HSA contains 59 lysine residues and 1 terminal amine group. Therefore, there are
60 amine groups that have potential as modification sites. Because we exploited only seven
sites for the FA bioconjugation on average, the opportunity to also conjugate imaging tags to
the targeted protein platform, in order to create a real phototheranostic platform, remained.
We decided to conjugate tetramethylrhodamine isothiocyanate (TRITC) to the C60@HSA-FA
complex. The isothiocyanate reactive group of the dye reacts with the amine groups of HSA,
forming thiourea bond linkages (Figure 4A). Considering the molar extinction coefficients
of TRITC at 554 nm, equating to 95,000 M−1cm−1, approximately 2.5 TRITC molecules are
conjugated to C60@HSA/C60@HSA-FA (Figure 4B).
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Figure 4. (A) Bioconjugation of TRITC to C60@HSA/C60@HSA-FA. (B) UV–visible spectra of
C60@HSA-TRITC (black line) and C60@HSA-FA-TRITC (blue line) in PBS. In Figure S11, the UV–
visible spectrum of TRITC in PBS. (C) Creation of an C60@HSA-based theranostic platform by protein
conjugation of the targeting agents (FA) and imaging tags (TRITC).

Exploiting the fluorescent properties of TRITC, the effective conjugation of the dye to
C60@HSA-FA can be detected by agarose gel electrophoresis (Figure S12).

We therefore armed HSA with C60 molecules (C60@HSA), applied the C60@HSA
complex to the cancer cells by folate conjugation (C60@HSA-FA) and provided the system
with imaging properties by linking TRITC to the protein (C60@HSA-FA-TRITC). The result
was an effective phototheranostic platform (Figure 4C).

The DLS analysis of the bioconjugates (Figure S13) demonstrated that the presence of
the hydrophobic fullerenes induces the oligomerization of HSA. We already observed this
phenomenon when lysozyme was used as the dispersing agent for C70 [20]. Proteins tend
to cover the exposed part of the bound fullerenes, which is strongly hydrophobic, with
their hydrophobic patches inducing non-covalent oligomerization processes. In addition,
it is well-known that HSA has a strong tendency to form well-defined, non-covalent
aggregates [72], such as dimers, tetramers or higher oligomers. DLS sets the size of the HSA
as ~7 nm, corresponding to the monomeric structure of the protein, while providing a well-
defined size of ~14 nm for C60@HSA. The dimension of the aggregate reflects the formation
of a dimer [72,73]. Agarose gel electrophoresis confirmed that the oligomerization process is
non-covalent (Figure S12). The conjugation of folate and TRITC to the C60@HSA causes, as
expected, an increase in the hydrodynamic radius of the oligomers (~20 nm for C60@HSA-
FA and ~23 nm for C60@HSA-FA-TRITC). Measurements of the stability (Figure S14) of the
C60@HSA, C60@HSA-FA and C60@HSA-FS-TRITC complexes over time, in physiologically
relevant conditions (PBS), showed that the encapsulation of C60 in HSA solves the problem
of the poor stability of C60 in a saline environment. Such a problem is present, for instance,
when C60 is dispersed with γ-cyclodextrins or is in the form of nanoparticles (nC60) that
rapidly precipitate as soon as NaCl is added [74].
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To assess the uptake and the PDT performances of C60@HSA and C60@HSA-FA, HeLa
cells were selected, since they overexpress folic acid receptors on their surfaces [75]. The
internalization of C60@HSA-TRITC and C60@HSA-FA-TRITC by HeLa cells was quantita-
tively evaluated by employing the fluorescence signals of the TRITC molecules. Represen-
tative phase contrast and fluorescence images of the HeLa cells following incubation with
HSA derivatives are shown in Figure 5.

Figure 5. Representative phase contrast (a–f) and TRITC fluorescence (a′–f′) images measured on the
control HeLa samples after 3 h (a,a′) and 18 h (d,d′); HeLa cells incubated with C60@HSA-TRITC
after 3 h (b,b′) and 18 h (e,e′); C60@HSA-FA-TRITC after 3 h (c,c′) and 18 h (f,f′).

The HeLa cells incubated with both C60@HSA-TRITC and C60@HSA-FA-TRITC showed
cytoplasmatic red fluorescence after 3 h of incubation, demonstrating that the internaliza-
tion of C60@HSA took place both in the presence and in the absence of folate derivatization.
Control experiments performed on the HeLa cells, which were not incubated with any
C60@HSA-TRITC derivatives, did not reveal any relevant fluorescence signals.

The quantification of the mean fluorescence intensity of each cell after 3 and 18 h of
incubation is reported in Figure 6.

The significance of the fluorescence increase was tested through the t-test and ANOVA
analysis (Figure 6 and Table S1, see the Materials and Methods section for details on the
statistical analysis). Both the t-test and ANOVA statistical analysis showed that folate
significantly increases the fluorescence signals after both 3 and 18 h of incubation. These
results proved that folate increases the internalization of C60@HSA derivatives by Hela cells.
It is important that the increase in the internalization of C60@HSA after 3 h of incubation
was also maintained after a longer incubation time (18 h). Folate promotes both the early
and late internalization of C60@HSA derivatives, without any relevant activation of the
cell clearance mechanisms that could induce a lower C60@HSA concentration in the cell
cytoplasm over a longer timescale.

Based on the results of the internalization experiments, we studied the photoinduced
killing activity of C60@HSA and C60@HSA-FA against the HeLa cells. Cell viability curves
obtained by incubating the cells with a concentration of HSA derivatives in the range
of 0.1–5 µM are reported in Figure 7. No dark toxicity was observed for C60@HSA and
C60@HSA-FA across the whole range of concentrations. This aspect is crucial, because the
use of HSA to disperse C60 overcomes the two most important limitations on the use of
fullerenes in nanomedicine: the lack of water solubility and their low biocompatibility.
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Figure 6. Average mean cell fluorescence signals after 3 h (orange) and 18 h (red) of incubation,
determined for single HeLa cells using the fluorescence images (see Materials and Methods for details
on the acquisition parameters and on the signal treatment); error bars are standard deviations. For
C60@HSA-TRITC and C60@HSA-FA-TRITC and the HeLa control samples, the following numbers of
ROIs were considered: C60@HSA-TRITC, n = 171; C60@HSA-FA-TRITC, n = 144; HeLa, n = 102. Sta-
tistical significance was evaluated with a two-tailed t-test using different variances in the populations
(***, p < 0.001).

Figure 7. Phototoxicity of C60@HSA and C60@HSA-FA in the 0.1–5 µM range. Percentage of cell
viability for irradiated and not irradiated HeLa cells incubated with C60@HSA and C60@HSA-FA.
C60@HSA: irradiated, orange squares; not irradiated, electric blue squares. C60@HSA-FA: irradiated,
red triangles; not irradiated, dark blue triangles. Each value represents the average ± 1 standard
deviation of at least 2 independent measures.

On the contrary, upon irradiation, the presence of C60@HSA and C60@HSA-FA caused
a marked reduction in the viability of the HeLa cells in a dose-dependent manner. In
agreement with the uptake studies, showing a higher internalization of HSA due to folate
derivatization, it appears that (i) the photokilling activity of C60@HSA-FA occurs at a lower
concentration of the hybrids, and (ii) the PDT efficiency of C60@HSA-FA is approximately
twice that of C60@HSA.

Our results confirmed that the bioconjugation of targeting moieties (FAs) on the
protein platform increases the cellular uptake of the adduct through a ligand-receptor-
based mechanism.
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4. Conclusions

The use of HSA to disperse C60 bypasses the two most important limitations that have
hampered the full exploitation of fullerene in nanomedicine, namely, the lack of water
solubility and low biocompatibility.

The resulting C60@HSA complex shows a significant visible-light-induced production
of ROS, following both type I and type II photophysical mechanisms.

Exploiting the C60@HSA platform, which offers different chemical groups for chem-
ical functionalization, the performances of the C60@HSA biohybrids were improved by
coupling with:

(i) Folate molecules to target selectively folate receptors which, in turn, enhances
the cellular uptake of the adduct by the cancer cells and promotes the internalization
of the fullerene;

(ii) TRITC molecules to provide imaging properties to the adduct.
In the in vitro experiments, using HeLa cells, a cell line that overexpress folic acid

receptors on the surfaces, it was shown that folate bioconjugation enhances both the
internalization and the PDT-induced phototoxicity of the C60@HSA complex.

The C60@HSA platform can be additionally improved by using, for example, light-
harvesting antennae in order to enhance the ROS production [76–78] and to extend the PDT
activity of the fullerene further into the red/NIR [76–79], or by attaching other imaging
tags to create targeted multimodal theranostic platforms [80].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193501/s1, Figure S1: Normalized UV-visible spectrum
of C60 in toluene; Figures S2: Agarose gel electrophoresis of HSA and C60@HSA; Figure S3: Possible
binding site of C60 in HSA; Figures S4-S8: Interaction between HSA and C60 bound in the binding
sites 1–5; Scheme S1: Jablonski’s diagram showing Type I and type II mechanism of ROS generation.
Figure S9: Normalized UV-visible spectrum of FA in PBS; Figure S10: Mass spectra of HSA before
and after conjugation with FA; Figure S11: Normalized UV-visible spectrum of TRITC in PBS; Figure
S12: Agarose gel electrophoresis of HSA, C60@HSA, C60@HSA-FA and C60@HSA-FA-TRITC. Figure
S13: Particle number size distribution of HSA, C60@HSA, C60@HSA-FA and C60@HSA; Figure S14:
Evolution of the stability of C60@HSA, C60@HSA-FA and C60@HSA as a function of time, in PBS;
Table S1: ANOVA two-way analysis. Scheme S1. Jablonski’s diagram showing Type I and type II
mechanism of ROS generation.
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