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Abstract: Chlorin e6 (Ce6) is among the most used sensitizers in photodynamic (PDT) and sono-
dynamic (SDT) therapy; its low solubility in water, however, hampers its clinical exploitation. Ce6
has a strong tendency to aggregate in physiological environments, reducing its performance as a
photo/sono-sensitizer, as well as yielding poor pharmacokinetic and pharmacodynamic proper-
ties. The interaction of Ce6 with human serum albumin (HSA) (i) governs its biodistribution and
(ii) can be used to improve its water solubility by encapsulation. Here, using ensemble docking and
microsecond molecular dynamics simulations, we identified the two Ce6 binding pockets in HSA,
i.e., the Sudlow I site and the heme binding pocket, providing an atomistic description of the binding.
Comparing the photophysical and photosensitizing properties of Ce6@HSA with respect to the same
properties regarding the free Ce6, it was observed that (i) a red-shift occurred in both the absorption
and emission spectra, (ii) a maintaining of the fluorescence quantum yield and an increase of the
excited state lifetime was detected, and (iii) a switch from the type II to the type I mechanism in a
reactive oxygen species (ROS) production, upon irradiation, took place.

Keywords: chlorin e6; human serum albumin (HSA); docking; MD simulations; reactive oxygen
species (ROS); photosensitizer (PS)

1. Introduction

Chlorin e6 (Ce6) and its derivatives are among the most important photosensitizers
(PSs) used in photodynamic therapy (PDT) [1,2]. Ce6 (Scheme 1) is characterized by the
following: (i) a strong absorption in the red region of the visible spectra (around 660 nm,
in the first phototherapeutic window) [2]; (ii) an excellent photoconversion efficiency
(at a physiological pH, the quantum yield of singlet oxygen is 0.64 [3]); (iii) an intense
fluorescence that may be used for imaging (i.e., in theranostic applications) [2]; and (iv) the
possibility to activate the production of a reactive oxygen species (ROS) using ultrasounds
(sonosensitization) [2,4–6] as an alternative to light (photosensitization).
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Scheme 1. Molecular structure of Ce6.

Molecules 2023, 28, 2348. https://doi.org/10.3390/molecules28052348 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28052348
https://doi.org/10.3390/molecules28052348
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-0738-2211
https://orcid.org/0000-0002-2598-497X
https://orcid.org/0009-0000-9927-7154
https://orcid.org/0000-0003-0690-306X
https://orcid.org/0000-0002-1630-8291
https://orcid.org/0000-0003-3494-298X
https://orcid.org/0000-0002-9583-2146
https://doi.org/10.3390/molecules28052348
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28052348?type=check_update&version=1


Molecules 2023, 28, 2348 2 of 15

However, like many other hydrophobic photosensitizers, the solubility of Ce6 in water
is low, thus arising in the need for an appropriate formulation [2,7] for its clinical use and a
restricting of its performance as a photo/sonosensitizer. In fact, its tendency to aggregate in
physiological environments quenches the excited states of the PS that are crucial to produce
ROS, reducing the overall efficiency of Ce6 in PDT/SDT treatments.

In addition, from a translational point of view, Ce6 is characterized by a non-specific
cellular uptake, a poor biodistribution, and a short circulation time in vivo, which is what
determines its low tumor accumulation [8].

Several studies focused on the enhancement of the pharmacological profile of Ce6
by a bioconjugation of the molecular scaffold with targeting agents [9–15] or by using
nano-based delivery systems [2,16] to improve its solubility and stability in physiological
environments. This was in addition to investigating the pharmacokinetics and pharmaco-
dynamics properties of the molecule.

The investigation of the interaction of Ce6 with human serum albumin (HSA) is a
crucial issue that involves both the following aspects: (i) HSA is the endogenous carrier
of Ce6 in the blood and the formation of this complex governs its cellular uptake and
biodistribution [17–20] and (ii) HSA can be used to develop biocompatible protein-based
nanoplatforms for cancer theranostics [21–26].

The clinical efficacy of a PS in PDT is determined not only by its photophysical proper-
ties, but also by its interaction with biomolecules, cells, and tissues. After administration,
the bioavailability of a PS is governed by the competitive binding to serum albumin, which
is the major protein in plasma. Serum albumins act as the endogenous carrier for the bulk
of PS, carrying the PS into the bloodstream as a complex with the protein.

At a physiological pH, the majority of Ce6 is bound to HSA [19]. The pH affects
this interaction; lowering the pH decreases the stability of the Ce6–HSA complex with a
concomitant increase of Ce6 binding to LDL and membranes [19]. The formation of the
Ce6@HSA complex also affects the cellular uptake of the photosensitizer [17].

Recently, albumin has received a lot of attention in order to develop innovative
delivery systems as a flexible nano-carrier [21–26]. HSA can be easily obtained com-
mercially from human serum. It is stable, biocompatible, biodegradable, non-toxic, and
non-immunogenic [21,23]. HSA can target cancer cells/tissues both passively, via the
enhanced permeability and retention (EPR) effect, and actively, via HSA receptors that are
overexpressed by cancer cells [21,23].

All these properties make HSA an ideal candidate to develop protein-based nanoplat-
forms for cancer theranostics [21–26]. The versatility of HSA as a carrier for hydrophobic
drugs [27–29] and PSs [28,30–32] can be exploited also for Ce6. Thus far, despite the im-
portance of this topic, the way in which HSA binds Ce6, the atomistic details of their
interactions, and the effect of the HSA on the ability to generate ROS are still not known
in detail.

HSA is a heart-shaped protein with a molecular weight of about 66.5 kDa. Its structure
consists of three homologous domains (DI, DII, and DIII), containing each two sub-domains
(A and B), as is shown in Figure 1A. One of the main physiological roles of HSA is the
transport of fatty acids (FA) in the blood and the seven distinct binding pockets for FA
(FA1–7), which were identified by crystallography [33] (Figure 1B). HSA is also the carrier
of many endogenous (i.e., bilirubin, thyroxine, and hemin) and exogenous (drugs) com-
pounds [34]. Drugs are usually bound in two main binding sites [34]: Sudlow site I (FA7),
located in the subdomain IIA, and Sudlow site II (FA3, FA4), located in the subdomain IIIA.
Recent studies have revealed that a third important binding pocket can be identified within
subdomain IB (site IB, FA1) [35], which is also the characteristic binding site of heme [36–38].
In addition, some PSs [31,39,40] can bind in an extra cavity in the cleft between domains DI
and DIII.
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Figure 1. The 3D structure of HSA: (A) Subdivision into domains (I–III) and subdomains (A, B);
(B) identification of the binding sites.

Certain spectroscopic studies have clearly indicated that Ce6 binds to HSA [19,41], as
well as also suggest the presence of two Ce6 binding sites [41].

Due to the structural similarity between Ce6 and heme, which is that they both
possess a hydrophobic core bearing polar carboxylic chains on one side only, it was initially
hypothesized that the primary binding site of heme and dicarboxylic porphyrins was
the same [19], i.e., the IB site. The determination of the specific binding of Ce6 analogs,
(i.e., chlorin p6 [42], purpurin 18 [42], and the iodinated chlorin p6-copper complex [43])
in the Sudlow Site I of HSA [42,43], achieved by tryptophan fluorescence quenching
measurements and by a competitive binding with warfarin, suggested that Sudlow Site I
is the preferred binding pocket for Ce6. Sudlow Site II was also proposed as a potential
secondary site of binding for chlorins [44], even if it was characterized by a smaller binding
constant than Sudlow site I.

All the studies demonstrated that the binding of Ce6 to HSA had no effect on the
conformation of the protein [42,43].

2. Results and Discussion
2.1. Identification of the Ce6 Binding Pockets

The possible interaction sites between Ce6 and HSA were determined by ensemble
docking [45], followed by molecular dynamic (MD) simulations. By using the 129 crystal-
lographic structures of HSA (Table S1) deposited in the protein data bank (PDB), almost
two-hundred thousand poses were generated. This approach allowed a substantial sam-
pling of the conformational space of HSA because, despite the general similarity of the
HSA structures, significant domain rotations were observed upon performing the FA and
ligand binding. Using a hierarchical approach, all the poses were clustered and then
the ten most probable binding sites were selected using the PatchDock scoring function
(Figure 2A). MD simulations of 100 ns were carried out using these ten poses as the starting
geometries (Figure S1). The position of Ce6 in the various docking modes was stable
(Figure S2) during MD simulations and all the interacting geometries provided favorable
interactions with HSA (Figure S1). Interaction energies between Ce6 and HSA were cal-
culated using the MM-GBSA approach. For the three most favored binding sites, the
MD simulations were extended to 1 ms (Figure 2B). Very interestingly, the three putative
binding sites of Ce6 proposed in the literature—i.e., the heme binding site (IB) [19], Sud-
low I (SI) [42,43] and Sudlow II (SII) [44]—were identified as the most interacting ones
(Figure 2B). The energetic values of the interaction suggest that the preferential site for Ce6
binding is Sudlow I (SI, ∆Ebinding = −70.6 kcal mol−1), followed by the heme binding site
(IB, ∆Ebinding = −61.0 kcal mol−1) and Sudlow II (SII, ∆Ebinding = −52.8 kcal mol−1).
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Figure 2. (A) The ten most probable Ce6 binding pockets in HSA, identified by docking; (B) the three
most probable Ce6 binding sites in HSA identified by molecular dynamics simulations.

This means that Sudlow I (SI) is the principal binding site for Ce6, while the heme
binding site (IB) represents the secondary binding pocket. The contribution of each amino
acid in the two binding pockets to the binding of Ce6 is provided by fingerprint analysis.

2.2. Ce6 in the Sudlow I Binding Site

Sudlow I (SI) is a pre-formed binding pocket shared by a variety of drugs/ligands. It
is located in the core of subdomain IIA and is made up of all six helices of the subdomain
and a loop–helix motif (residues 148–154) from domain IB. The interior of the pocket is
hydrophobic, but two clusters of positively charged residues are present on the cavity
entrance. Ce6 occupies the FA7 binding pocket (Figure 3A), superimposing perfectly with
the crystallographic structure of warfarin (Figure 3B), thus explaining the experimental
results showing the competitive binding of chlorins with warfarin [42,43].
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Figure 3. (A) A superposition of the crystallographic structure of myristic acid (in yellow, PDB:6YG9)
and a docked structure of Ce6 in the Sudlow I site; (B) a superposition of the crystallographic structure
of warfarin (in yellow, PDB:2BXD) and a docked structure of Ce6 in the Sudlow I site; (C) Ce6−HSA
interactions in the Sudlow I site. ∆Ebinding decomposed per residue. A 3D representation of the most
interacting residues.

The ligands in Sudlow I always have a planar group/ring sandwiched between the
aliphatic side chains of Leu238 or Ala291 [34]. The same is observed for the planar ring
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of the Ce6. Ile290, via hydrophobic interactions and Tyr150 via π-π stacking, contribute
further to the binding (Figure 3C and Table S2).

Molecules bound in the Sudlow I site usually also engage interactions with the pos-
itively charged residues located at the entrance of the binding pocket [34]. Ce6 makes
strong hydrogen bond/salt bridge interactions with Arg218, Arg222, Arg257, and Ser287
(Figure 3C and Table S2) by using its three carboxylic groups.

2.3. Ce6 in the Heme Binding Site

The heme binding site is entirely contained in the IB subdomain of HSA and is made
up of four contiguous helices and a loop. The hydrophobic porphyrin ring of the heme
is buried in a hydrophobic cleft created by the subdomain helices, while the propionate
groups are situated near the entrance of the pocket, where they can interact with solvent
molecules and a triad of positively charged residues [36,37]. The iron atom of the heme is
coordinated by Tyr161 [36,37].

Ce6 is accommodated in the same way that the heme is (Figure 4A), which is with
the chlorin ring bound within the narrow hydrophobic cavity, whereby the heme ring
is also bound. The rim of the chlorin ring overlaps perfectly with the curved structure
adopted by the myristate (Figure 4A) when occupying this site [33,46]. The Ce6 ring is
sandwiched between two tyrosine residues (Tyr161 and Tyr128) by π-π interactions. Due to
the absence of the iron atom in the Ce6, Tyr161 changes its role in the interaction with Ce6
when compared to the crystallographic structure of HSA in complex with the heme. Ile142
and Ala158 also provide hydrophobic stabilization to Ce6 (Figure 4C and Table S3).
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Figure 4. (A) A superposition of the crystallographic structure of heme (in yellow, PDB:1O9X) and
a docked structure of Ce6 in the heme binding pocket; (B) a superposition of the crystallographic
structure of myristic acid (in yellow, PDB:1BJ5) and a docked structure of Ce6 in the heme binding
pocket; (C) Ce6−HSA interactions in the heme binding pocket. ∆Ebinding decomposed per residue. A
3D representation of the most interacting residues.

With its three carboxylic groups, Ce6 can provide even better stabilization than heme
when we consider hydrogen bonds/salt bridges with the basic residues at the entrance of
the pocket. In fact, three arginine residues (Arg 114, Arg 117, and Arg186) strongly interact
with Ce6 (Figure 4C and Table S3). Arg117, which always interacts with the fatty acids that
bind here, surprisingly does not bind the carboxylic groups of heme. However, it has a
primary role in the binding with Ce6.
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2.4. Effect of the Binding of Ce6 on the Structure of HSA

Experimentally it was found that the 3D structure of the HSA protein was not per-
turbed by the interaction with chlorins [42]. The analysis of the secondary structure of the
Ce6@HSA complexes, during the MD simulations, showed that the 3D and the secondary
structures of HSA were practically unaffected by the Ce6 binding (Table 1, Figures S3–S5).

Table 1. Percentage of the secondary structure in HSA during 1 µs MD simulations for HSA,
Ce6@HSA (SI site), and Ce6@HSA (Heme site).

Secondary Structures HSA Ce6@HSA (SI Site) Ce6@HSA (Heme Site)

Coil 13.1 13.0 12.9
π Helix 0.0 0.1 0.1

3–10 Helix 2.9 3.6 3.3
α Helix 65.6 68.8 68.4

Isolated β Bridge 0.2 0.0 0.0
β Sheet 0.0 0.0 0.0

Turn 18.3 14.6 15.3

In the crystal structure of HSA, C-terminal helices in domain III are characterized
by very high temperature factors [47]. The formation of the Ce6@HSA complexes even
increases the stability of these terminal helices (Table 1, Figure S3). The Rg analysis
(Figure S4) and RMSD (Figure S5) of HSA and Ce6@HSA during 1-µs-long MD simulations
also demonstrated that there were no changes in the tertiary structure of the protein.

2.5. Comparison between Experimental and Computational Results about Ce6 Binding

When comparing the binding of different porphyrins/chlorins with HSA, it was
demonstrated that the interaction is stronger when these hydrophobic molecules contain a
hydrophilic side [41]. The structure of the complexes between Ce6 and HSA—obtained here
by docking and MD simulations—perfectly explains this behavior, showing the following:
(i) the hydrophobic ring of the chlorin is accommodated in the hydrophobic pockets of
Sudlow I site and of the heme binding site, thus driving the PS binding; (ii) the charged car-
boxylic groups, present at the rim of the Ce6 molecule, interact via the hydrogen bond/salt
bridge with the positively charged residues located at the entrance of the two pockets.

In addition, if the binding constants of Ce6 and its monomethyl ester for HSA are very
similar, the association constants of the dimethyl and trimethyl ester derivatives showed,
respectively, a reduction of 3 and 11 times [18], thus indicating that the stability of the
PS—protein complex depends on the participation of at least two negatively charged side
groups. The changes in the charge of the side groups significantly affect the electrostatic
interactions between Ce6 and HSA.

Interestingly, the affinity of Ce6 to HSA decreases when the pH is lowered [18,19].
Additionally, this effect can be ascribed to the three carboxylic groups of the Ce6. In
particular, their protonation strongly reduces the electrostatic interactions between the PS
and the protein.

The reduced stability of the Ce6@HSA complex upon a small pH decrease can also have
a crucial role in the uptake of Ce6 by cancer cells. This is because it can favor the targeted
release of Ce6 to cancer tissues, and is characterized by a more acidic microenvironment
than what is found in normal tissues.

2.6. Synthesis and Characterization of Ce6@HSA

To study the effect of HSA binding on the photophysical and photosensitizing proper-
ties of Ce6, a Ce6@HSA complex—characterized by a well-defined 1:1 stoichiometry (with
occupation of a single pocket, i.e., the Sudlow I and SI)—was synthesized by utilizing a
PBS/DMSO mixed solvent solution.

The UV-Vis spectrum of Ce6@HSA (Figure 5A) suggests that Ce6 has been successfully
incorporated into HSA. In fact, it showed the characteristic diagnostic bands of both the
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protein (at 281 nm) and the Ce6 (the Soret band at ~400 nm and the Q bands between 500
and 680 nm), which were slightly perturbed when compared to the reference of Ce6, due to
the interaction with the protein.
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Figure 5. (A) The UV-Vis spectra of HSA (black line), Ce6 (green line), and Ce6@HSA (blue line);
(B) the agarose gel electrophoresis of (a) HSA, (b) Ce6@HSA, and (c) Ce6. The gel images were
acquired both before staining, in fluorescent mode (top), and after staining with Coomassie blue, in
colorimetric mode (bottom).

The electrophoretic analysis of Ce6@HSA, carried out on agarose gel in native condi-
tions, demonstrates unequivocally that Ce6 is encapsulated in the protein (line b, Figure 5B).
The gel acquisition, in fluorescent mode, demonstrated that Ce6@HSA (line b, Figure 5B)
does not show any signal related to the presence of free Ce6 (line c, Figure 5B). In addition,
the fluorescent spot perfectly matches the spot of the protein, which is visible after the
Coomassie staining, demonstrating the simultaneous presence of both HSA and Ce6. It is
interesting to observe that the migration rate of the complex (line a, Figure 5B) is slightly
higher than free protein (line a, Figure 5B), most likely due to the lower mass/charge ratio
of the Ce6@HSA when compared to free HSA (negatively charged), which is due to the
presence of the three additional negative charges of the Ce6 in the complex.

2.7. Photophysical Properties of Ce6@HSA

The Ce6@HSA adduct presents noticeable changes in the photophysical properties of
the Ce6 (Table 2).

Table 2. Main photophysical parameters of Ce6 and Ce6@HSA in PBS at room temperature.

Absorption Emission

λmax,Soret (nm) λmax,Q-band (nm) λmax (nm) Φ t (ns)

Ce6 403 657 661 0.17 4.5
Ce6@HSA 409 665 667 0.17 5.2

In particular, in PBS, a 6 nm red-shift can be observed in both the absorption and
emission spectra of Ce6@HSA (Figure 6) when compared to the spectra of Ce6. Additionally,
the strongest of the Q bands, which is the most important from a translational point of view
since it is located in the transparency window, features an even larger red-shift of 8 nm.
Moreover, the ratio between the Soret band and the Q band at 667 was lower in Ce6@HSA
than in Ce6.
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Figure 6. Normalized absorption (full line) and fluorescence (lex = 500 nm, dashed line) spectra of
Ce6 (green lines) and Ce6@HSA (blue lines) in PBS at room temperature.

Ce6@HSA maintains the fluorescence quantum yield of the free Ce6, i.e., 0.17, but
shows an increase of the excited state lifetime from 4.5 to 5.2 ns. The red-shifts observed
in both the absorption and emission spectra, as well as in the extension of the lifetime,
supported the encapsulation of Ce6 inside HSA.

2.8. Generation of ROS by Ce6@HSA

When the light is adsorbed by a PS, ROS can be produced following two different
mechanisms. In the type I mechanism, the excited PS is involved in a hydrogen or electron
transfer process to form a radical, which reacts with water or molecular oxygen, producing
different ROS, such as superoxide anions, hydroxyl radicals, and hydrogen peroxide. In
the type II mechanism, the excited PS directly transfers its energy to ground state oxygen
3O2 to generate a singlet oxygen excited state (1O2). The amount of peroxides and 1O2
generated during visible light irradiation via type I and type II mechanisms were estimated
by using the Amplex Red [48–50] and the ABMDMA [48,50] assays, respectively.

The results (Figure 7) showed that the encapsulation of Ce6 in HSA does not affect
significatively the type II mechanism. On the opposite end, the type I mechanism is strongly
improved (~400%). The type I mechanism is often activated by sacrificial electron donors,
in fact, electron-rich environments boost photoactivation and favor the type I over type II
mechanism [51].
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assay for 1O2 detection.
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As the protein residues in HSA may take part in the electron transfer activities directly,
Ce6@HSA does not require any external electron donors. This indicates that the presence
of the protein itself induces a self-activation of the type I mechanism [22,50,52–57] in the
Ce6@HSA adduct.

This aspect is extremely interesting from an applicative point of view because, due to
their reduced reliance on oxygen content, PSs producing ROS via the type I mechanism
are increasingly being preferred in anticancer PDT [58–60] because they can overcome the
hypoxic milieu found in tumor tissue.

3. Materials and Methods
3.1. Computational Analysis of the Ce6@HSA Complex
3.1.1. Human Serum Albumin Structural Database

Human serum albumin (HSA) crystal structures were downloaded from the Protein
Data Bank (PDB) [61]. A total of 129 PDB files were obtained and processed by removing
water molecules, ions, and co-crystallized ligands. This dataset was used for ensemble
docking calculations using the Chlorin e6 (Ce6) structure as a ligand.

3.1.2. Docking

Ensemble docking calculations were carried out using the Ce6 ligand and for every
HSA PDB structure. The docking poses were obtained using the PatchDock algorithm [62],
following a global search. PatchDock carries out a rigid docking, maximizing the surface
shape complementarity between the protein receptor and the ligand. The algorithm implicitly
addresses surface flexibility by using soft potentials that allow for small atomic compenetrations.

The scoring function then assigns a geometric shape complementarity score that eval-
uates the interface area and the desolvation energy associated with the protein-ligand
interactions. These terms describe accurately the binding of proteins with rigid and hy-
drophobic moieties, such as chlorin, which are already demonstrated for fullerenes [63–69],
carbon nanotubes [70–73], and carboranes [74].

All the docking poses were then clustered, and the ten most probable binding sites
were selected using the PatchDock scoring functions [62].

3.1.3. Minimization and MD Simulations

The Amber ff14SB force field [75] was used to model the HSA. Ce6 atoms were
modeled using the GAFF force field. The atomic charges of the Ce6 atoms were determined
using the Merz-Singh-Kollman scheme. The corresponding parameters for Ce6 were
generated by the standard procedure that is reported for an antechamber, as implemented
in Amber 16 [76]. All simulations and minimization were performed using the TIP3P water
model, and sodium counterions were added to maintain the electric neutrality of the system.
Periodic boundary conditions (PBC) and the particle mesh 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 set during all the MD runs. A total of 5000 steps
of a steepest descent minimization, followed by an additional 5000 steps of conjugate
gradient minimization, were performed with PMEMD [76]. The minimized structures were
subjected to an equilibration process (individual equilibration steps included (i) 500 ps of
heating from 0 to 298 K within an NVT ensemble and (ii) 4500 ps of equilibration MD at
298 K to switch from NVT to NPT and to adjust the simulation box; isotropic position scaling
was used at the default conditions; and the Langevin temperature equilibration scheme
(ntt = 3) was used). Then, 100 ns/1 µs of MD simulations were carried out. Snapshot
structures were saved into individual trajectory files every 1000-time steps, i.e., every 2 ps
of the MD simulation.

The secondary structure analyses of HSA and Ce6@HSA were carried out by using
a VMD timeline. The radius of gyration (Rg) and the root-mean-square deviation of the
atomic positions during MD simulations were calculated by CPPTRAJ [77].
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3.1.4. Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) Analysis

One frame every 0.1 ns was extracted from the MD trajectory by means of CPP-
TRAJ [77], and used as input for the MM-GBSA analysis to calculate the binding affinity
between Ce6 and HSA. 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 (igb = 5), as implemented in MMPBSA.py [78]. The non-polar contribution to the
solvation free energy was determined using solvent-accessible, surface-area-dependent
terms. The per-residue decomposition of ∆Ebinding (fingerprint analysis) was obtained by
MMPBSA.py [78].

3.2. Synthesis and Characterization of the Ce6@HSA Complex
3.2.1. Materials

Human serum albumin fatty acid free (HSA) (Cat. No. A3782); dimethyl sulfoxide
(DMSO) (Cat. No. 472301); deuterium oxide (Cat. No. 151882-100G); 9,10-anthracenediylbis-
(methylene)dimalonic acid (ABMDMA) (Cat. No. 75068); 10-Acetyl-3,7-dihydroxyphenoxazine
(Amplex 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); Amicon Ultra centrifugal filters (MWCO 30 kDa, Millipore UFC503024, Cat. No.
Z677892-24EA); sodium chloride (Cat. No. S9888-M); potassium phosphate monobasic
(Cat. No. P0662-M); sodium phosphate dibasic (Cat. No. S0876); potassium chloride (Cat.
No. P3911M); and MWCO 14 kDa dialysis tubing cellulose membrane (Cat. No. D9652)
were all purchased from Sigma Aldrich (Merck, Darmstadt, Germany). Chlorin e6 (Item
No. 21684) was purchased from Cayman Chemical (Ann Arbor, MI, USA). All the reagents
were used without further purifications. Milli-Q water was used for the preparation of all
the aqueous solutions.

3.2.2. Synthesis and Purification of the Ce6@HSA Complex

The complex Ce6@HSA was synthesized by using a procedure that was recently
developed to encapsulate hydrophobic PS inside HSA [31]. Ce6 and HSA were used in 1:1
stoichiometry. Briefly, 500 µL of a solution of Ce6 in PBS/DMSO (5/3 v/v) was prepared at
a concentration of 200 µM. It was then added to 500 µL of an equimolar solution of HSA,
which was previously dissolved in the same mixture of PBS/DMSO (5/3 v/v).

The mixture containing 100 µM of both the components was then incubated overnight
at 25 ◦C under continuous shaking at 700 rpm (ThermoMixer HC, S8012-0000; STARLAB,
Hamburg, Germany). The mixture was than dialyzed in PBS, using a MWCO 14 kDa
dialysis tubing cellulose membrane, in order to remove free Ce6 and DMSO. The purified
solution was then analyzed by UV-Vis spectroscopy, showing a final stoichiometry of 0.5:1
of Ce6/HSA.

3.2.3. Characterization of the Ce6@HSA Complex

UV-Vis Spectroscopy. Ce6, HSA, and Ce6@HSA were characterized through UV-Vis
spectroscopy. The spectroscopic data were collected using a Cary60 UV-Vis spectropho-
tometer (Agilent Technologies, Stockport, UK).

Fluorescence Spectroscopy. The emission spectra and the excited state lifetime of Ce6
and Ce6@HSA were acquired with an Edinburgh FLS920, which was equipped with a
photomultiplier Hamamatsu R928P. The fluorescence quantum yields were measured by
taking the tetraphenylporphyrin (TPP) in toluene as standard [79].

Agarose gel electrophoresis. Ce6, HSA, and Ce6@HSA were characterized by agarose gel
electrophoresis, in native conditions (Owl Easycast B-Series Horizontal Gel Systems Model
B2). Further, 1% w/v concentration of gel was prepared, dissolving the agarose powder in
a tris-glycine buffer at pH 7.4. Moreover, 20% v/v of glycerol was added to each sample,
and 12 µL of the mixture was loaded into each well. Then, 15 µg of protein was loaded
into the wells, and a solution of Ce6 was loaded separately as a reference. The run was
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performed by applying a voltage of 100 V for 30 min and tris-glycine pH 7.4 was used as
the running buffer.

The gel was acquired using a ChemiDoc MP Imager, both in colorimetric and fluoro-
metric modes (Ex. Alexa 647).

3.2.4. Detection of Reactive Oxygen Species

ABMDMA assay. This colorimetric assay selectively detects and estimates the amount
of singlet oxygen (1O2) in solution. The assay is based on the decrease of the UV absorption
band of ABMDMA when it reacts with singlet oxygen [31,48,50].

The samples (Ce6 and Ce6@HSA) were used in deuterated PBS. Then, 3 µL of an
ABMDMA 5 mM stock solution in DMSO was added to 97 µL of each sample that was
loaded into the wells of a 96 multi-well plate. The plate was exposed to a light source
(Valex 30 W, 6500 K, cold white LED), positioned at 30 cm distance from the cell plate
surface (irradiance = 1.5 mW cm−2, energy fluence = 2.7 and 5.4 J cm−2, for 30 and 60 min
of irradiation, respectively). The irradiance was measured with the photo-radiometer Delta
Ohm LP 471 RAD.

Amplex Red assay. The Amplex Red assay allowed the quantification of peroxides
in a solution. It was based on the enzymatic reaction and catalyzed by a horseradish
peroxidase (HRP) that occurs between the colorless Amplex Red with peroxides, producing
a pink-colored resorufin [48–50].

A working solution (WS), containing Amplex Red and HRP dissolved in PB, was
freshly prepared. Further, 90 µL of each sample were loaded into the wells of a 96-multiwell
plate. One plate was irradiated, following the same conditions of the ABMDMA assay,
while an identical plate was kept in the dark. Then, 10 µL of the WS were then added to
each sample and both the plates were kept in incubation for 30 min in dark conditions at
room temperature.

The absorbance of the resorufin produced was recorded at 560 nm. To convert the
absorbance values to the equivalent H2O2 concentration, a calibration curve was created
using standard solutions of H2O2. The contribution of the H2O2 produced by the samples
kept in the dark was subtracted from the H2O2 concentration that was estimated for
the corresponding irradiated samples. All the measurements were performed using an
EnSpire® Multimode Plate Reader (PerkinElmer).

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules28052348/s1, Table S1: Human serum albumin structural
database; Figure S1: ∆Ebinding of Ce6 and HSA in the ten most probable binding pockets of HSA;
Figure S2: Ce6 RMSD vs. time analysis in the docked poses; Table S2: Ce6–HSA interactions in the
Sudlow I site; Table S3: Ce6–HSA interactions in the heme binding pocket; Figure S3: Secondary
structure analysis of HSA and Ce6@HSA during MD simulations; Figure S4: Radius of gyration of
HSA and Ce6@HSA during MD simulations; and Figure S5: Protein RMSD, domain I, II, and III
RMSD, Ce6 RMSD in HSA and Ce6@HSA during MD simulations.
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23. Parodi, A.; Miao, J.; Soond, S.M.; Rudzińska, M.; Zamyatnin, A.A. Albumin Nanovectors in Cancer Therapy and Imaging.
Biomolecules 2019, 9, 218. [CrossRef] [PubMed]

24. di Giosia, M.; Zerbetto, F.; Calvaresi, M. Incorporation of Molecular Nanoparticles Inside Proteins: The Trojan Horse Approach in
Theranostics. Acc. Mater. Res. 2021, 2, 594–605. [CrossRef]

25. Kratz, F. A Clinical Update of Using Albumin as a Drug Vehicle—A Commentary. J. Control. Release 2014, 190, 331–336. [CrossRef]
[PubMed]

26. Hoogenboezem, E.N.; Duvall, C.L. Harnessing Albumin as a Carrier for Cancer Therapies. Adv. Drug Deliv. Rev. 2018, 130, 73–89.
[CrossRef]

27. Rubio-Camacho, M.; Encinar, J.A.; Martínez-Tomé, M.J.; Esquembre, R.; Mateo, C.R. The Interaction of Temozolomide with Blood
Components Suggests the Potential Use of Human Serum Albumin as a Biomimetic Carrier for the Drug. Biomolecules 2020,
10, 1015. [CrossRef]

28. Rapozzi, V.; Moret, F.; Menilli, L.; Guerrini, A.; Tedesco, D.; Naldi, M.; Bartolini, M.; Gani, M.; Zorzet, S.; Columbaro, M.; et al.
HSA-Binding Prodrugs-Based Nanoparticles Endowed with Chemo and Photo-Toxicity against Breast Cancer. Cancers 2022,
14, 877. [CrossRef] [PubMed]

29. Gradishar, W.J. Albumin-Bound Paclitaxel: A next-Generation Taxane. Expert Opin. Pharmacother. 2006, 7, 1041–1053. [CrossRef]
30. Cantelli, A.; Malferrari, M.; Mattioli, E.J.; Marconi, A.; Mirra, G.; Soldà, A.; Marforio, T.D.; Zerbetto, F.; Rapino, S.; di Giosia,

M.; et al. Enhanced Uptake and Phototoxicity of C60@albumin Hybrids by Folate Bioconjugation. Nanomaterials 2022, 12, 3501.
[CrossRef]

31. Mattioli, E.J.; Ulfo, L.; Marconi, A.; Pellicioni, V.; Costantini, P.E.; Marforio, T.D.; di Giosia, M.; Danielli, A.; Fimognari, C.; Turrini,
E.; et al. Carrying Temoporfin with Human Serum Albumin: A New Perspective for Photodynamic Application in Head and
Neck Cancer. Biomolecules 2023, 13, 68. [CrossRef]

32. Pezzuoli, D.; Cozzolino, M.; Montali, C.; Brancaleon, L.; Bianchini, P.; Zantedeschi, M.; Bonardi, S.; Viappiani, C.; Abbruzzetti,
S. Serum Albumins Are Efficient Delivery Systems for the Photosensitizer Hypericin in Photosensitization-Based Treatments
against Staphylococcus Aureus. Food Control 2018, 94, 254–262. [CrossRef]

33. Bhattacharya, A.A.; Grüne, T.; Curry, S. Crystallographic Analysis Reveals Common Modes of Binding of Medium and Long-
Chain Fatty Acids to Human Serum Albumin. J. Mol. Biol. 2000, 303, 721–732. [CrossRef]

34. Ghuman, J.; Zunszain, P.A.; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural Basis of the Drug-Binding Specificity
of Human Serum Albumin. J. Mol. Biol. 2005, 353, 38–52. [CrossRef] [PubMed]

35. Zsila, F. Subdomain IB Is the Third Major Drug Binding Region of Human Serum Albumin: Toward the Three-Sites Model. Mol.
Pharm. 2013, 10, 1668–1682. [CrossRef] [PubMed]

36. Zunszain, P.A.; Ghuman, J.; Komatsu, T.; Tsuchida, E.; Curry, S. Crystal Structural Analysis of Human Serum Albumin Complexed
with Hemin and Fatty Acid. BMC Struct. Biol. 2003, 3, 6. [CrossRef] [PubMed]

37. Wardell, M.; Wang, Z.; Ho, J.X.; Robert, J.; Ruker, F.; Ruble, J.; Carter, D.C. The Atomic Structure of Human Methemalbumin at 1.9
Å. Biochem. Biophys. Res. Commun. 2002, 291, 813–819. [CrossRef]

38. Sułkowski, L.; Pawełczak, B.; Chudzik, M.; Maciazek-Jurczyk, M. Characteristics of the Protoporphyrin IX Binding Sites on
Human Serum Albumin Using Molecular Docking. Molecules 2016, 21, 1519. [CrossRef]

39. Li, X.; Yu, S.; Lee, Y.; Guo, T.; Kwon, N.; Lee, D.; Yeom, S.C.; Cho, Y.; Kim, G.; Huang, J.D.; et al. In Vivo Albumin Traps
Photosensitizer Monomers from Self-Assembled Phthalocyanine Nanovesicles: A Facile and Switchable Theranostic Approach.
J. Am. Chem. Soc. 2019, 141, 1366–1372. [CrossRef]

40. Li, X.; Jeong, K.; Lee, Y.; Guo, T.; Lee, D.; Park, J.; Kwon, N.; Na, J.H.; Hong, S.K.; Cha, S.S.; et al. Water-Soluble Phthalocyanines
Selectively Bind to Albumin Dimers: A Green Approach toward Enhancing Tumor-Targeted Photodynamic Therapy. Theranostics
2019, 9, 6412–6423. [CrossRef]

41. Rinco, O.; Brenton, J.; Douglas, A.; Maxwell, A.; Henderson, M.; Indrelie, K.; Wessels, J.; Widin, J. The Effect of Porphyrin
Structure on Binding to Human Serum Albumin by Fluorescence Spectroscopy. J. Photochem. Photobiol. A Chem. 2009, 208, 91–96.
[CrossRef]

42. Patel, S.; Datta, A. Steady State and Time-Resolved Fluorescence Investigation of the Specific Binding of Two Chlorin Derivatives
with Human Serum Albumin. J. Phys. Chem. B 2007, 111, 10557–10562. [CrossRef]

43. Sarbadhikary, P.; Dube, A. Spectroscopic Investigations on the Binding of an Iodinated Chlorin: P 6-Copper Complex to Human
Serum Albumin. Photochem. Photobiol. Sci. 2017, 16, 1762. [CrossRef]

44. Patel, S.; Sharma, K.K.; Datta, A. Competitive Binding of Chlorin P6and Dansyl-L-Proline to Sudlow’s Site II of Human Serum
Albumin. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015, 138, 925–931. [CrossRef] [PubMed]

45. Huang, S.Y.; Zou, X. Ensemble Docking of Multiple Protein Structures: Considering Protein Structural Variations in Molecular
Docking. Proteins Struct. Funct. Genet. 2007, 66, 399–421. [CrossRef] [PubMed]

46. Mishra, A.; Castañeda, T.R.; Bader, E.; Elshorst, B.; Cummings, S.; Scherer, P.; Bangari, D.S.; Loewe, C.; Schreuder, H.; Pöverlein,
C.; et al. Triantennary GalNAc Molecular Imaging Probes for Monitoring Hepatocyte Function in a Rat Model of Nonalcoholic
Steatohepatitis. Adv. Sci. 2020, 7, 2002997. [CrossRef] [PubMed]

47. Sugio, S.; Kashima, A.; Mochizuki, S.; Noda, M.; Kobayashi, K. Crystal Structure of Human Serum Albumin at 2.5 Å Resolution.
Protein Eng. 1999, 12, 439–446. [CrossRef]

http://doi.org/10.3390/biom9060218
http://www.ncbi.nlm.nih.gov/pubmed/31195727
http://doi.org/10.1021/accountsmr.1c00065
http://doi.org/10.1016/j.jconrel.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/24637463
http://doi.org/10.1016/j.addr.2018.07.011
http://doi.org/10.3390/biom10071015
http://doi.org/10.3390/cancers14040877
http://www.ncbi.nlm.nih.gov/pubmed/35205627
http://doi.org/10.1517/14656566.7.8.1041
http://doi.org/10.3390/nano12193501
http://doi.org/10.3390/biom13010068
http://doi.org/10.1016/j.foodcont.2018.07.027
http://doi.org/10.1006/jmbi.2000.4158
http://doi.org/10.1016/j.jmb.2005.07.075
http://www.ncbi.nlm.nih.gov/pubmed/16169013
http://doi.org/10.1021/mp400027q
http://www.ncbi.nlm.nih.gov/pubmed/23473402
http://doi.org/10.1186/1472-6807-3-6
http://www.ncbi.nlm.nih.gov/pubmed/12846933
http://doi.org/10.1006/bbrc.2002.6540
http://doi.org/10.3390/molecules21111519
http://doi.org/10.1021/jacs.8b12167
http://doi.org/10.7150/thno.35210
http://doi.org/10.1016/j.jphotochem.2009.08.009
http://doi.org/10.1021/jp072544u
http://doi.org/10.1039/c7pp00197e
http://doi.org/10.1016/j.saa.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25456656
http://doi.org/10.1002/prot.21214
http://www.ncbi.nlm.nih.gov/pubmed/17096427
http://doi.org/10.1002/advs.202002997
http://www.ncbi.nlm.nih.gov/pubmed/33344141
http://doi.org/10.1093/protein/12.6.439


Molecules 2023, 28, 2348 14 of 15

48. Greco, G.; Ulfo, L.; Turrini, E.; Marconi, A.; Costantini, P.E.; Marforio, T.D.; Mattioli, E.J.; di Giosia, M.; Danielli, A.; Fimognari,
C.; et al. Light-Enhanced Cytotoxicity of Doxorubicin by Photoactivation. Cells 2023, 12, 392. [CrossRef]

49. di Giosia, M.; Nicolini, F.; Ferrazzano, L.; Soldà, A.; Valle, F.; Cantelli, A.; Marforio, T.D.; Bottoni, A.; Zerbetto, F.; Montalti,
M.; et al. Stable and Biocompatible Monodispersion of C60 in Water by Peptides. Bioconj. Chem. 2019, 30, 808–814. [CrossRef]

50. Cantelli, A.; Piro, F.; Pecchini, P.; di Giosia, M.; Danielli, A.; Calvaresi, M. Concanavalin A-Rose Bengal Bioconjugate for Targeted
Gram-Negative Antimicrobial Photodynamic Therapy. J. Photochem. Photobiol. B 2020, 206, 111852. [CrossRef]

51. Ding, H.; Yu, H.; Dong, Y.; Tian, R.; Huang, G.; Boothman, D.A.; Sumer, B.D.; Gao, J. Photoactivation Switch from Type II to Type
I Reactions by Electron-Rich Micelles for Improved Photodynamic Therapy of Cancer Cells under Hypoxia. J. Control. Release
2011, 156, 276–280. [CrossRef]

52. di Giosia, M.; Bomans, P.H.H.; Bottoni, A.; Cantelli, A.; Falini, G.; Franchi, P.; Guarracino, G.; Friedrich, H.; Lucarini, M.; Paolucci,
F.; et al. Proteins as Supramolecular Hosts for C60: A True Solution of C60 in Water. Nanoscale 2018, 10, 9908–9916. [CrossRef]
[PubMed]

53. di Giosia, M.; Genovese, D.; Cantelli, A.; Cingolani, M.; Rampazzo, E.; Strever, G.; Tavoni, M.; Zaccheroni, N.; Calvaresi, M.; Prodi,
L. Synthesis and Characterization of a Reconstituted Myoglobin-Chlorin E6 Adduct for Theranostic Applications. J. Porphyr.
Phthalocyanines 2020, 24, 887–893. [CrossRef]

54. Soldà, A.; Cantelli, A.; di Giosia, M.; Montalti, M.; Zerbetto, F.; Rapino, S.; Calvaresi, M. C60@lysozyme: A New Photosensitizing
Agent for Photodynamic Therapy. J. Mater. Chem. B 2017, 5, 6608–6615. [CrossRef] [PubMed]

55. Ulfo, L.; Cantelli, A.; Petrosino, A.; Costantini, P.E.; Nigro, M.; Starinieri, F.; Turrini, E.; Zadran, S.K.; Zuccheri, G.; Saporetti,
R.; et al. Orthogonal Nanoarchitectonics of M13 Phage for Receptor Targeted Anticancer Photodynamic Therapy. Nanoscale 2022,
14, 632–641. [CrossRef]

56. di Giosia, M.; Soldà, A.; Seeger, M.; Cantelli, A.; Arnesano, F.; Nardella, M.I.; Mangini, V.; Valle, F.; Montalti, M.; Zerbetto,
F.; et al. A Bio-Conjugated Fullerene as a Subcellular-Targeted and Multifaceted Phototheranostic Agent. Adv. Funct. Mater. 2021,
31, 2101527. [CrossRef]

57. Bortot, B.; Apollonio, M.; Baj, G.; Andolfi, L.; Zupin, L.; Crovella, S.; di Giosia, M.; Cantelli, A.; Saporetti, R.; Ulfo, L.; et al.
Advanced Photodynamic Therapy with an Engineered M13 Phage Targeting EGFR: Mitochondrial Localization and Autophagy
Induction in Ovarian Cancer Cell Lines. Free Radic. Biol. Med. 2022, 179, 242–251. [CrossRef]

58. Zhou, Z.; Song, J.; Nie, L.; Chen, X. Reactive Oxygen Species Generating Systems Meeting Challenges of Photodynamic Cancer
Therapy. Chem. Soc. Rev. 2016, 45, 6597–6626. [CrossRef] [PubMed]

59. Chen, K.; He, P.; Wang, Z.; Tang, B.Z. A Feasible Strategy of Fabricating Type i Photosensitizer for Photodynamic Therapy in
Cancer Cells and Pathogens. ACS Nano 2021, 15, 7735–7743. [CrossRef]

60. Mroz, P.; Pawlak, A.; Satti, M.; Lee, H.; Wharton, T.; Gali, H.; Sarna, T.; Hamblin, M.R. Functionalized Fullerenes Mediate
Photodynamic Killing of Cancer Cells: Type I versus Type II Photochemical Mechanism. Free Radic. Biol. Med. 2007, 43, 711–719.
[CrossRef]

61. Berman, H.M. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef] [PubMed]
62. Schneidman-Duhovny, D.; Inbar, Y.; Polak, V.; Shatsky, M.; Halperin, I.; Benyamini, H.; Barzilai, A.; Dror, O.; Haspel, N.; Nussinov,

R.; et al. Taking Geometry to Its Edge: Fast Unbound Rigid (and Hinge-Bent) Docking. Proteins 2003, 52, 107–112. [CrossRef]
63. Calvaresi, M.; Zerbetto, F. Baiting proteins with C60. ACS Nano 2010, 4, 2283–2299. [CrossRef] [PubMed]
64. Calvaresi, M.; Zerbetto, F. Fullerene sorting proteins. Nanoscale 2011, 3, 2873–2881. [CrossRef] [PubMed]
65. Ahmed, L.; Rasulev, B.; Kar, S.; Krupa, P.; Mozolewska, M.A.; Leszczynski, J. Inhibitors or Toxins? Large Library Target-Specific

Screening of Fullerene-Based Nanoparticles for Drug Design Purpose. Nanoscale 2017, 9, 10263–10276. [CrossRef]
66. di Giosia, M.; Valle, F.; Cantelli, A.; Bottoni, A.; Zerbetto, F.; Calvaresi, M. C60 Bioconjugation with Proteins: Towards a Palette of

Carriers for All PH Ranges. Materials 2018, 11, 691. [CrossRef]
67. Calvaresi, M.; Bottoni, A.; Zerbetto, F. Thermodynamics of Binding between Proteins and Carbon Nanoparticles: The Case of

C60@Lysozyme. J. Phys. Chem. C 2015, 119, 28077–28082. [CrossRef]
68. Calvaresi, M.; Furini, S.; Domene, C.; Bottoni, A.; Zerbetto, F. Blocking the Passage: C60 Geometrically Clogs K+ Channels. ACS

Nano 2015, 9, 4827–4834. [CrossRef]
69. Calvaresi, M.; Arnesano, F.; Bonacchi, S.; Bottoni, A.; Calò, V.; Conte, S.; Falini, G.; Fermani, S.; Losacco, M.; Montalti, M.; et al.

C60@Lysozyme: Direct Observation by Nuclear Magnetic Resonance of a 1:1 Fullerene Protein Adduct. ACS Nano 2014, 8,
1871–1877. [CrossRef]

70. di Giosia, M.; Valle, F.; Cantelli, A.; Bottoni, A.; Zerbetto, F.; Fasoli, E.; Calvaresi, M. High-Throughput Virtual Screening
to Rationally Design Protein—Carbon Nanotube Interactions. Identification and Preparation of Stable Water Dispersions of
Protein—Carbon Nanotube Hybrids and Efficient Design of New Functional Materials. Carbon 2019, 147, 70–82. [CrossRef]

71. Berto, M.; di Giosia, M.; Giordani, M.; Sensi, M.; Valle, F.; Alessandrini, A.; Menozzi, C.; Cantelli, A.; Gazzadi, G.C.; Zerbetto,
F.; et al. Green Fabrication of (6,5)Carbon Nanotube/Protein Transistor Endowed with Specific Recognition. Adv. Electron. Mater.
2021, 7, 2001114. [CrossRef]

72. di Giosia, M.; Marforio, T.D.; Cantelli, A.; Valle, F.; Zerbetto, F.; Su, Q.; Wang, H.; Calvaresi, M. Inhibition of α-Chymotrypsin
by Pristine Single-Wall Carbon Nanotubes: Clogging up the Active Site. J. Colloid Interface Sci. 2020, 571, 174–184. [CrossRef]
[PubMed]

http://doi.org/10.3390/cells12030392
http://doi.org/10.1021/acs.bioconjchem.8b00916
http://doi.org/10.1016/j.jphotobiol.2020.111852
http://doi.org/10.1016/j.jconrel.2011.08.019
http://doi.org/10.1039/C8NR02220H
http://www.ncbi.nlm.nih.gov/pubmed/29790558
http://doi.org/10.1142/S108842461950202X
http://doi.org/10.1039/C7TB00800G
http://www.ncbi.nlm.nih.gov/pubmed/32264423
http://doi.org/10.1039/D1NR06053H
http://doi.org/10.1002/adfm.202101527
http://doi.org/10.1016/j.freeradbiomed.2021.11.019
http://doi.org/10.1039/C6CS00271D
http://www.ncbi.nlm.nih.gov/pubmed/27722328
http://doi.org/10.1021/acsnano.1c01577
http://doi.org/10.1016/j.freeradbiomed.2007.05.005
http://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://doi.org/10.1002/prot.10397
http://doi.org/10.1021/nn901809b
http://www.ncbi.nlm.nih.gov/pubmed/20359241
http://doi.org/10.1039/c1nr10082c
http://www.ncbi.nlm.nih.gov/pubmed/21445397
http://doi.org/10.1039/C7NR00770A
http://doi.org/10.3390/ma11050691
http://doi.org/10.1021/acs.jpcc.5b09985
http://doi.org/10.1021/nn506164s
http://doi.org/10.1021/nn4063374
http://doi.org/10.1016/j.carbon.2019.02.043
http://doi.org/10.1002/aelm.202001114
http://doi.org/10.1016/j.jcis.2020.03.034
http://www.ncbi.nlm.nih.gov/pubmed/32199270


Molecules 2023, 28, 2348 15 of 15

73. Calvaresi, M.; Hoefinger, S.; Zerbetto, F. Probing the Structure of Lysozyme-Carbon-Nanotube Hybrids with Molecular Dynamics.
Chem. A Eur. J. 2012, 18, 4308–4313. [CrossRef] [PubMed]

74. Calvaresi, M.; Zerbetto, F. In Silico Carborane Docking to Proteins and Potential Drug Targets. J. Chem. Inf. Model. 2011, 51,
1882–1896. [CrossRef]

75. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. Ff14SB: Improving the Accuracy of Protein
Side Chain and Backbone Parameters from Ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [CrossRef]

76. Case, D.; Betz, R.; Botello-Smith, W.; Cerutti, D.; Cheatham, T., III; Darden, T.; Duke, R.; Giese, T.; Gohlke, H.; Goetz, A.; et al.
Amber 16; University of California: San Francisco, CA, USA, 2016.

77. Roe, D.R.; Cheatham, T.E. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data.
J. Chem. Theory Comput. 2013, 9, 3084–3095. [CrossRef]

78. Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.Py: An Efficient Program for End-State
Free Energy Calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [CrossRef]

79. Montalti, M.; Credi, A.; Prodi, L.; Gandolfi, M.T. Handbook of Photochemistry; CRC Press: Boca Raton, FL, USA, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/chem.201102703
http://www.ncbi.nlm.nih.gov/pubmed/22354722
http://doi.org/10.1021/ci200216z
http://doi.org/10.1021/acs.jctc.5b00255
http://doi.org/10.1021/ct400341p
http://doi.org/10.1021/ct300418h

	Introduction 
	Results and Discussion 
	Identification of the Ce6 Binding Pockets 
	Ce6 in the Sudlow I Binding Site 
	Ce6 in the Heme Binding Site 
	Effect of the Binding of Ce6 on the Structure of HSA 
	Comparison between Experimental and Computational Results about Ce6 Binding 
	Synthesis and Characterization of Ce6@HSA 
	Photophysical Properties of Ce6@HSA 
	Generation of ROS by Ce6@HSA 

	Materials and Methods 
	Computational Analysis of the Ce6@HSA Complex 
	Human Serum Albumin Structural Database 
	Docking 
	Minimization and MD Simulations 
	Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) Analysis 

	Synthesis and Characterization of the Ce6@HSA Complex 
	Materials 
	Synthesis and Purification of the Ce6@HSA Complex 
	Characterization of the Ce6@HSA Complex 
	Detection of Reactive Oxygen Species 


	References

