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Abstract

Fullerenes are promising drug candidates, but they are virtually insoluble in water. Sur-
face hydroxylation of fullerenes and their encapsulation in nanocarrier systems, such as
dendrimers, can be used to increase their solubility. However, hydroxylated fullerene
(hydroxyfullerene, fullerenol) has lower bioactivity than fullerene. Our previous research
showed that fullerene is encapsulated by the Lys-2Gly dendrimer. This study demonstrates,
for the first time, that hydroxylated fullerenes C60(OH)n with n = 12, 24, 36 form complexes
with the same dendrimer. All these fullerenols are encapsulated near the dendrimer’s
center, similar to fullerene. Surprisingly, the complex’s structure remains stable even at
the maximal hydroxylation (n = 36), despite a significant reduction in hydrophobicity of
the fullerene surface. We demonstrated that this stability results from an increase in the
number of hydrogen bonds between the dendrimer and the fullerenol with increasing n.
Thus, we established that the mechanism of complex formation changes from hydrophobic
interactions to hydrogen bonding as hydroxylation increases. This means that simultaneous
partial hydroxylation of the fullerene and encapsulation within a water-soluble dendrimeric
nanocarrier enhances its solubility in water. This combined approach enables the use of less
hydroxylated fullerene derivatives to achieve desired solubility while maintaining higher
biological activity.

Keywords: peptide dendrimers; hydroxylated fullerene (fullerenol); complexes; degree of
hydroxylation; encapsulation; molecular dynamics

1. Introduction
Fullerenes are bioactive molecules that are insoluble in water [1,2]. They are considered

a promising system for drug delivery [3–5], but clinical trials have only recently begun [6].
Fullerenes have antioxidant [7–9], antibacterial [10], antiviral [11], and antitumor [12–14]
activities. To improve the solubility of fullerene, its water-soluble derivatives containing
hydroxyl, carboxyl, or amino groups are often used [15,16]. To address the poor solubility
of fullerenes, several strategies have been developed. Conjugation with cyclodextrins,
peptides, or polyethylene glycol spacers has been shown to significantly enhance their
solubility [17–21]. Alternatively, encapsulation within carbon nanotubes or liposomes has
been proposed as a delivery method [22–24].
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Dendrimers are hyperbranched, monodisperse nanostructures characterized by a
precise size and architecture and by a multitude of surface groups. They are used as
nanocontainers in biomedical applications, particularly in drug and gene delivery [25,26].
Dendrimers can encapsulate bioactive molecules via various interactions (e.g., hydrophobic,
electrostatic) [4], forming complexes that protect the cargo and enhance its bioavailabil-
ity [27–33]. The ability to tailor their chemical structure allows for the design of delivery
systems with controlled and targeted release [34,35]. Dendrimers were used for the de-
livery of enoxaparin [36], berberine [37], quercetin [38], resveratrol [39], curcumin [40],
doxorubicin [41,42] and paclitaxel [43,44]. Conjugates of dendrimers with fullerenes have
also been developed [45–59].

While well-characterized synthetic dendrimers like polyamidoamine (PAMAM) and
polypropylene imine (PPI) are promising delivery systems [36], their clinical application is
often limited by toxicity and a restricted number of modification sites. To overcome these
drawbacks, strategies such as PEGylation, acetylation, and conjugation with amino acids
or peptides have been employed to modify the terminal groups [60–65]. In this context,
peptide dendrimers offer a distinct advantage due to their natural amino acid composition,
which inherently improves their biocompatibility profile [66,67]. Polylysine dendrimers
are safe and biodegradable [68–73]. They exhibit antibacterial [74–78], antiviral [79,80], and
antiangiogenic [81–84] properties. A key advantage of peptide dendrimers is their synthetic
versatility; they can be constructed from virtually any amino acid residues, both on the
surface and within their core, to optimize the encapsulation of bioactive molecules [85–89].
This capability addresses issues of poor solubility and aggregation, enabling the use of
lower drug doses [90]. Furthermore, in combination therapies, peptide dendrimers can
produce a synergistic effect, particularly against cancer cells [91].

Numerous studies have also been performed using the molecular dynamics (MD)
method to study the conjugation of dendrimers with bioactive molecules [92–97], in particu-
lar, with fullerenes [98–100]. But there is a notable lack of studies in the literature regarding
dendrimer–fullerenes and dendrimer–fullerenols host–guest complexes [101–104]. MD sim-
ulations of dendrimer–fullerene interactions were performed in our previous work [105]. It
was shown that fullerenes effectively penetrate both second- and third-generation lysine
dendrimers, as well as a second-generation peptide dendrimer with repeating Lys-2Gly
units, forming stable complexes with them.

In this paper we investigate the interactions of the Lys-2Gly dendrimer with fullerenol.
In view of both the anticancer and antiamyloid activity [106,107] of both molecules, a
synergistic effect [108] of their combination can be assumed. A further benefit of pep-
tide dendrimers lies in the adjustable nature of their host–guest interactions. Inserting
residues with different hydrophobicity [109–112] enables optimization of the hydrophobic
environment for fullerenol encapsulation within the dendrimer. Encapsulating partially
hydroxylated fullerene (i.e., fullerenol) within a dendrimer allows us to use fewer hydroxyl
groups to achieve fullerene solubility, keeping its biological activity.

2. Model and Method
In this work, we have studied the formation of a complex between lysine-based peptide

dendrimers and fullerenol in an aqueous solution using the molecular dynamics (MD)
method. MD simulations were performed using the GROMACS package [113]. AMBER-
99SB-ILDN [114] was used as a force field. We considered a second-generation lysine-based
dendrimer with double glycine (2Gly) spacers between lysine branching points (Lys-2Gly
dendrimer). We utilized full-atom models of this dendrimer and fullerenols (see Figure 1).
Table 1 shows structural parameters of the Lys-2Gly dendrimer. The peptide dendrimer
under consideration contains the following (see Figure 1): 1 alanine residue (in the core),
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7 branched (internal) lysine residues (branching points), 28 glycine residues (2 residues
between each adjacent pair of branches in the dendrimer) and 8 terminal lysines with
two positively charged NH3

+ end groups in each (one of these two NH3
+ groups is the

N-terminus of the peptide chain (which is charged at normal pH), the other is in the side
group of this terminal lysine, which is also charged at normal pH). The total charge of the
dendrimer is 16 (8 terminal lysines with a charge of +2 in each), and the charge of fullerenol
is zero; therefore, in order to achieve the electroneutrality of the entire system, which
is required for the correct operation of the MD method, 16 negatively charged chlorine
counterions were added to the system. The simulated system was placed in a periodic
cubic simulation cell filled with 23,682 water molecules (the TIP3P model was used).

Figure 1. (a) Molecular structures of chemical bonds of Lys-2Gly dendrimer (generation G2) and
hydroxylated fullerenes (b) C60(OH)12, (c) C60(OH)24, and (d) C60(OH)36. Carbon atoms and C-C
bonds shown by dark gray color, oxygens by red, and hydrogens by light gray.

Table 1. Molecular weight (Md) and nominal charge of the dendrimer (Q), the number of positively
charged NH3

+ groups (NH3
+) in the terminal lysines, and the number of glycine amino acid residues

(NGly) in the dendrimer spacers.

Dendrimer Md (g/mol) Q (e) NNH3+ NGly

Lys-2Gly 3675.44 +16 16 28
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The equilibrated initial conformations of the dendrimers were taken from a previous
work, which investigated a single dendrimer in water [115]. Initially, the center of mass
of the dendrimer was placed in the center of a periodic cubic cell, and the fullerenol was
placed in the middle between this center and one of the six faces of the cubic cell. For
each type of fullerenol (with n = 12, 24, or 36 OH groups), three of these six possible initial
positions of the fullerenol were selected to start three independent MD calculation runs. In
this particular study, we designate these three initial positions of the fullerenol as “left”,
“back”, and “top”, corresponding to the direction of displacement of fullerenol relatively
center of the periodical cube.

The molecular dynamics (MD) simulation included the preliminary steps: (1) the
energy minimization of the isolated dendrimer and fullerenol molecules; (2) the immersion
of the molecules in an aqueous solution with counterions; and (3) the energy minimization
of the system. Then, the initial MD simulation in NVT ensemble at temperature T = 300 K
for initial equilibration was carried out as described in detail in Ref. [115]. The size of the
cubic periodic cell was 9 nm. Main MD calculations were carried out in the NPT ensemble
at normal condition (temperature T = 300 K and pressure 1 atm) and consisted of two
trajectories (first one at times t = 0–250 ns and second one (it was a continuation of the
first trajectory) at times t = 250 ns–500 ns of full 500 ns calculations). The formation of the
dendrimer–fullerenol complex was studied using the first trajectory and the calculation
of average values of the complex was performed using the second trajectory. We used,
for analysis of trajectories, both GROMACS tools and computational codes previously
developed by the authors for polymers [116–121] and dendrimers [122–126].

3. Results
3.1. Formation of the Dendrimer–Fullerenol Complex

The formation of the dendrimer–fullerenol complex was evaluated by analyzing the
time dependences of the distance d between dendrimer and fullerenol, as well as the
time dependences of the size (radius of gyration Rg) of the subsystem, consisting of all
dendrimer and fullerenol atoms. Calculation of d was performed as follows: (1) At each
time moment, the position of the center of mass is calculated in Cartesian coordinates (x,y,z)
in three-dimensional space for the first molecule (x1,y1,z1) and for the second molecule,
(x2,y2,z2) and (2) the distance between these two points in space is calculated, as usual, as
d = sqrt[(x1 − x2]2 + (y1 − y2)2 + (z1 − z2)2]. This calculation is performed by standard
function gmx distance of Gromacs package. The time dependences of d are shown in
Figure 2. Before the simulation, the fullerenol was positioned outside the dendrimer, far
from its center of mass. After the first contact with the dendrimer, the value of distance d
either goes to plateau almost immediately (see black curves on Figure 2a,b and red curve
on Figure 2c) or fluctuate strongly during some time t between 10 and 70 ns (see the other
two curves on the same plots), but a rapid step-like decrease in the d(t) value is observed
for all curves sometime within this 10–70 ns. Then, the value of distance reaches a plateau
value which is less than 1 nm with small root-mean-square (see Figure 2a–c and Table 2).
The step-like decrease in d(t) indicates that all three types of fullerenols C60(OH)n (n = 12,
24 and 36) are captured by the dendrimer within the first 10–70 ns, leading to the formation
of stable dendrimer–fullerenol complexes.
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Figure 2. The time dependences of the instantaneous value of the distance d between the centers
of mass of the dendrimer and fullerenol molecule in the dendrimer–fullerenol systems: (a) Lys-
2Gly + C60(OH)12, (b) Lys-2Gly + C60(OH)24, and (c) Lys-2Gly + C60(OH)36 during the first 250 ns
of the calculation, and (d–f) the time dependences of the sizes (radii of gyration, Rg) for these
systems, respectively. The black, red, and blue curves correspond to the initial positions of the
fullerenol—“left”, “back”, and “top”—relative to the center of periodic box which coincides with
center of mass of the dendrimer at time t = 0.

Table 2. Average values of asphericity (α), size (Rg) of Lys2Lys and complex containing both Lys2Lys
and fullerenol, and the distance (d) between dendrimer and fullerenol after complex formation
(averaging through interval t = 250–500 ns where dendrimer and fullerenol always stay together
in stable complex). For comparison, the data for the Lys-2Gly and its complex with fullerene C60

previously reported in Refs. [105,115] are also provided.

System Initial Position α
Rg, nm

d, nm
Dendrimer Complex

Lys-2Gly (see Ref. [115]) – 0.013 1.24 - -

Lys-2Gly + C60 (see Ref. [105]) – 0.006 1.22 1.04 0.51

Lys-2Gly + C60(OH)12

left 0.008 1.20 1.11 0.59
back 0.0075 1.21 1.11 0.39
top 0.006 1.19 1.09 0.33

average 0.0072 1.20 1.11 0.44

Lys-2Gly + C60(OH)24

left 0.009 1.22 1.11 0.44
back 0.008 1.21 1.10 0.50
top 0.008 1.20 1.09 0.47

average 0.0083 1.21 1.10 0.47

Lys-2Gly + C60(OH)36

left 0.0075 1.23 1.09 0.34
back 0.006 1.16 1.05 0.53
top 0.01 1.26 1.13 0.55

average 0.0078 1.22 1.09 0.47

To analyze the formation of the dendrimer–fullerenol complex, we calculated the
radius of gyration, Rg [127], for subsystem containing all dendrimer and fullerenol atoms
during all time moments belonging to first 250 ns of simulation (independently on do
dendrimer and fullerenol contact with each other or not).
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Rg(t) =

√√√√∑Ntot
i mi × r2

i (t)

∑Ntot
i mi

(1)

where mi and ri are the mass and radius vector of the i-th atom of each dendrimer and
each fullerenol atom relative to the center of mass of the subsystem consisting of all atoms
of the dendrimer and all atoms of fullerenol (at any time moment including times when
they are not in complex with each other), and Ntot is the total number of atoms in both the
dendrimer and the fullerenol. The size of the subsystem Rg(t) in Figure 2d–f demonstrates
similar behavior with that of the distance between dendrimer and fullerenol d(t) curves
for the same trajectories (Figure 2a–c). In all systems, Rg has large value at t = 0 because at
this time fullerenol is far from the dendrimer, strongly fluctuates between 10 ns and 70 ns
(depending on curve (initial position of fullerenol)), and then decreases sharply at different
times within the first 10–70 ns of the simulation (depending on initial position of fullerenol).
Following the drop, the Rg values fluctuate slightly, and the average values (from 1.05
to 1.13 nm) quickly reach a plateau and then remain almost unchanged over time. Thus,
the similar behavior of the time dependences of d and Rg confirms the formation of the
dendrimer–fullerenol complex (for all studied systems and all initial positions of fullerenol)
within first 70 ns.

3.2. Analysis of the Structure and Properties of a Stable Dendrimer–Fullerenol Complex

The relative positions of the dendrimer and fullerenol molecules in the complex at
t = 500 ns of the simulation are shown in Figure 3. Analysis of snapshots similar to Figure 3
at intermediate times demonstrates that, following the establishment of the plateau in both
distance d(t) and Rg(t) (see Figure 2), the fullerenol and dendrimer remain in contact. After
the formation of the stable complexes (at t = 250–500 ns), some parameters of the obtained
complexes, as well as the dendrimer and fullerenol molecules, were calculated (see Table 2)
to obtain more precise quantitative confirmation of this qualitative picture.

The asphericity of the dendrimer and complexes were calculated as described in
Refs. [128,129]:

α = 1 − 3⟨l1l2 + l1l3 + l2l3⟩〈
(l1 + l2 + l3)

2
〉 , (2)

where l1, l2, and l3 are the eigenvalues of the inertia tensor of the dendrimer or complex. If
the molecule or complex is spherical, then all eigenvalues l1, l2, and l3 are equal, and the
asphericity is 0. According to Table 2, the asphericity of Lys2Gly dendrimer and all our
complexes is less than 0.01, indicating a nearly spherical shape of both Lys2Gly dendrimer
and its complexes with fullerenols. This finding is in good agreement with results for
Lys-2Gly dendrimer and its complexes with fullerenes C60 and C70 in an aqueous solution,
which also exhibited similarly very small asphericity values [105].

Table 2 shows that the average sizes <Rg> of the Lys2Gly dendrimer in the complex
(is close to 1.2 HM for all three types of fullerenols) and the entire complex remains almost
unchanged in size (Rg is close to 1.1 nm for all fullerenols) despite variation in the number
of OH groups of fullerenol in this complex. This smaller Rg of the complex in comparison
with size Rg of dendrimer for all types of fullerenol is understandable because all three
fullerenols are located very close to center of mass of dendrimer.
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Figure 3. The pictures of Lys2Gly–fullerenol systems at time t = 500 ns of MD calculations: (a–c)
Lys-2Gly + C60(OH)12, (d–f) Lys-2Gly + C60(OH)24, (g–i) Lys-2Gly + C60(OH)36 for three different
initial positions (“left”, “back”, and “top”, respectively) of the fullerenol in each system.

Despite the fact that the average value of Rg size of the complex is near the same for
all three types of fullerenol, the distribution function of this value P(Rg), which describes
how many times each value of Rg appears during the simulation (see Figure 4), is different
for different fullerenols. At the same time, the positions of peaks of this distribution for all
types of fullerenols are rather close to each other and to the average value of <Rg> = 1.1 nm
for each system (see Table 2).
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Figure 4. The distribution function of size (Rg) of the complexes of the Lys-2Gly with C60(OH)12,
C60(OH)24, and C60(OH)36 obtained from the second part of the trajectory (Averaging through time
interval t = 250–500 ns.).

The average depth of fullerenol encapsulation within the dendrimer is correlated with
the average dendrimer–fullerenol distance d in the complex (see Table 2). For all complexes
studied, this distance is close to 0.5 nm and is practically independent of the hydroxylation
degree of fullerenol (n).

3.3. Radial Density Profile

As demonstrated above, the stable dendrimer–fullerenol complexes exist in all the
systems considered. To characterize the internal structure of these complexes, we calculated
the radial density profile function

ρ(r) =
⟨m(r)⟩
V(r)

, (3)

where ρ(r) is the average density of a thin spherical layer of all or specific atoms at a distance
r from the center of mass of the dendrimer, and <m(r)> is the average total mass of atoms
in the same layer of volume V(r). Since the number of atoms in fullerenol is significantly
smaller than in the dendrimer, we considered how deeply fullerenol penetrates into the
dendrimer and how it changes the distribution of the dendrimer’s atoms in the complex
compared to a single dendrimer. For this, we calculated the radial density profile of three
types of atoms: (a) only fullerene atoms, (b) only dendrimer atoms, and (c) all atoms of the
complex, i.e., both dendrimer atoms and fullerene atom. The ρ(r) dependencies are shown
in Figure 5.

Figure 5. The radial density profile functions for the atoms of Lys-2Gly dendrimer, fullerenol, and the
dendrimer + fullerenol complex relatively center of mass of dendrimer: (a) C60(OH)12, (b) C60(OH)24,
(c) C60(OH)36. The density profiles were averaged over three different initial positions (“left”, “back”,
and “top”) of the fullerenol relative to the center of cubic simulation cell. Averaging through time
interval t = 250–500 ns.
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Figure 5a–c show that the dendrimer exhibits similar encapsulation efficacy of all three
type of fullerenols. The radial dependence of density profile of fullerenol relative to the
dendrimer center of mass is very similar but slightly differs between the fullerenols with
different numbers of OH groups. In all cases, the radial density profile for fullerenol (red
curve) has a maximum at r = 0. Thus, the fullerenols are located at the center of mass of
the dendrimer, thereby expelling the dendrimer atoms (black curve) from center toward
periphery. Consequently, the maximum of the density profile for dendrimer atoms is
shifted by fullerenol approximately to r = 0.7–0.8 nm from the center of mass of dendrimer,
creating a spherical cloud of dendrimer atoms around fullerenol.

We also constructed two-dimensional (2D) sector-radial mass distributions of the den-
drimer relative to its center of mass (Figure 6) to determine whether the interaction between
the dendrimer and fullerenol depends only on the radial distance r or also on the angles in
spherical coordinates [130]. In Figure 6, the dark blue region, indicating low dendrimer
atom density, coincides with the position of the fullerenol’s internal cavity. At the same
time, the highest density (yellow) of dendrimer atoms exists around fullerenol, forming
two radial areas of almost permanent contact with it; but they do not fully isolate fullerenol
from water. However, the dendrimer atoms located in lower density (yellow-green and
green regions) surround the fullerenol molecule and partially protect it from contact with
water. The findings demonstrate that the Lys-2Gly dendrimer encapsulates all studied
fullerenols despite the different number of hydrophilic OH groups (n = 12, 24, and 36).

3.4. Electrostatic Interactions in Dendrimer–Fullerenol Complex

In this section, we studied how the number of OH groups in encapsulated fullerenol
influences the electrostatic characteristics of the dendrimer–fullerenol complex. We calcu-
lated the radial distribution of charges of the dendrimer together with counterions, q(r).
The electrostatic potential, ψ(r), was obtained by numerically solving the Poisson equation
using q(r) (Figure 7) [131–133]. Table 3 provides the average electrostatic characteristics,
the number of hydrogen bonds, and number of hydrophobic contacts between dendrimers
and fullerenols in the system. Hydrophobic contacts defined as carbon–carbon interac-
tions between the dendrimer and fullerenol were quantified using a local criterion, Rlc,
below ≈ 0.57 nm. The distance Rlc was obtained from the formula:

Rlc = 2 · s · kLJ · rC (4)

where kLJ = 21/6 is the Lennard-Jones parameter, s = 1.5 is the scale parameter of the local
criteria, and rC = 0.17 nm is the van der Waals radius of carbon in the AMBER-99SB-ILDN
force field.

According to Table 3, the electrostatic parameters of all the considered systems are
similar. It should be noted that an increase in the number of OH groups on fullerenol
reduces the number of hydrophobic contacts by ~1.7 times and increases the number of
hydrogen bonds by 3.6 times. The opposite effects of these two factors probably compensate
for their individual influence on the size and structure of the complexes.

The average number of hydrogen bonds in the complex increases with the number of
OH groups on the fullerenol surface (see Table 3). Additionally, we calculated the distri-
bution functions of the number of hydrogen bonds between the dendrimer and fullerenol
(C60(OH)12, C60(OH)24 and C60(OH)36) (see Figure 8). We observe that the distribution
curves shift toward a higher number of hydrogen bonds with an increase in the hydroxyla-
tion degree of the fullerenol, due to an increase in the number of polar OH groups.
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Figure 6. 2d-sectoral-radial distribution of the dendrimer mass relative to its center of mass. The first
column of the images (a,d,g) corresponds to the Lys-2Gly + C60(OH)12 system, the second column
(b,e,h) to the Lys-2Gly + C60(OH)24 system, and the third column (c,f,i) to the Lys-2Gly + C60(OH)36

system. The rows correspond to the initial positions of fullerenol relative to the dendrimer: (a–c) left,
(d–f) back, and (g–i) top. The sphere was partitioned into spherical sectors for the sector-radial
distribution functions, with its center defined as the dendrimer’s center of mass and the sectors
calculated based on the vector to the fullerenol’s center of mass, following the method described
in [130]. Each spherical sector is divided into upper and lower parts. The 2D plot represents
dendrimer atom density (yellow: high, blue: low) as a function of radial distance (red numbers, in
nm) and angle from the dendrimer’s center of mass. Averaging through time interval t = 250–500 ns.

Figure 7. The electrostatic characteristics—(a) the radial charge distribution, q(r), and (b) the electro-
static potential, ψ(r), of the complexes containing the Lys-2Gly dendrimer and different fullerenols
C60(OH)12, C60(OH)24, and C60(OH)36. Averaging through time interval t = 250–500 ns.
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Table 3. The average electrostatic properties: the maximum cumulative charge (Qmax), potential (ζ),
the number of hydrogen bonds in the system (NHb), the number of hydrophobic contacts between the
dendrimer and fullerenol (Ncc). Averaging through time interval t = 250–500 ns. For comparison, the
data for the Lys-2Gly and its complex with fullerene C60 studied earlier [105,115] are also provided.

System Initial Position Qmax [e] ζ [mV] NHb Ncc

Lys-2Gly (see Ref. [115]) - 9.4 20.0 7.7 -

Lys-2Gly + C60 (see Ref. [105]) - 11.3 35.1 9.3 878

Lys-2Gly + C60 (OH)12

left 11.2 31.8 3.5 315
back 11.1 31.8 4.0 314
top 11.3 34.0 4.0 336

average 11.2 32.5 3.8 322

Lys-2Gly + C60(OH)24

left 11.0 30.0 6.1 215
back 11.1 31.8 6.2 220
top 11.2 31.4 6.2 204

average 11.1 31.0 6.2 213

Lys-2Gly + C60(OH)36

left 11.2 32.8 7.6 111
back 11.5 35.5 5.9 88
top 11.1 29.4 6.0 73

average 11.3 32.5 6.5 90

Figure 8. The distribution function of the number of hydrogen bonds between Lys-2Gly dendrimer
and three types of fullerenol: C60(OH)12, C60(OH)24, and C60(OH)36. Averaging through time interval
t = 250–500 ns.

Conversely, the average number of hydrophobic contacts decreases with the increase
in the number of OH groups (see Table 3). The distribution functions of the number of
hydrophobic contacts between the dendrimer and fullerenols in Figure 9 indicates a clear
shift toward a higher number of hydrophobic contacts when the number of OH groups
decreases. These findings are consistent with the data presented in Table 3.

To demonstrate that, after the complex formation, the fullerenol molecule always stay
in close contact with dendrimer, we calculated the distance d between the dendrimer center
of mass and fullerenol center of mass, as well as size Rg of the complex during the second
part of trajectory between 250 ns and 500 ns (i.e., during second MD run which was used for
calculation of average characteristics and distribution functions of the dendrimer–fullerenol
complex). Comparison of the results in Figure 10 during the second MD run (between
250 ns and 500 ns) and Figure 2 during the first MD run (between 0ns and 250 ns of total
500 ns trajectory) confirms that, during the whole second MD run, the complex is stable
and compact.
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Figure 9. The distribution function of the number of hydrophobic contacts of the Lys-2Gly dendrimer
with three types of fullerenols: C60(OH)12, C60(OH)24, and C60(OH)36. Averaging through time
interval t = 250–500 ns.

Figure 10. The time dependences of the instantaneous value of the distance d between the
centers of mass of the dendrimer and fullerenol molecule in the dendrimer–fullerenol systems:
(a) Lys-2Gly + C60(OH)12, (b) Lys-2Gly + C60(OH)24, and (c) Lys-2Gly + C60(OH)36, and (d–f) the
time dependences of the sizes (radii of gyration, Rg) for the same systems, respectively, during the
last 250 ns of the calculation. The black, red, and blue curves correspond to the initial positions of the
fullerenol—“left”, “back”, and “top”—relative to the center of periodic box.

During the second half of the first run (Figure 2) and all of second run (Figure 10),
the values and fluctuation of distance d between the center of mass of dendrimer and
center of mass of fullerene, as well as fluctuations of size Rg of the subsystem consisting of
all atoms of dendrimer and all atoms of fullerene, are very small and consistent with the
average value of these parameters in Table 2. Thus, this plot (Figure 10) confirms that this
compact complex is stable during the second half of the first run and the whole second run
(i.e., during 400 ns of total 500 ns trajectory).
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4. Conclusions
In this work, we studied the possibility of encapsulating fullerenols with different

numbers of OH groups within amphiphilic peptide dendrimers using atomistic molecular
dynamics simulation. The systems contain the same peptide dendrimer with a repeating
Lys-2Gly unit and positively charged terminal NH3

+ groups as studied earlier [105], but
with hydroxylated fullerenes C60(OH)n (n = 12, 24 and 36) instead of fullerene C60 in aque-
ous solution. It was shown that fullerenol encapsulated near the dendrimer’s center of mass
forms stable complexes with it and the dendrimer branches partially hide fullerenol from
water. In general, the encapsulation of the considered hydroxylated fullerenes (fullerenols)
by the Lys-2Gly dendrimer is very similar to that of fullerene C60 [105]. However, the
increase in hydroxylation changes the type of fullerenol interaction with the dendrimer.
Increase in the number of polar OH groups on the surface of fullerenol leads to a reduction
in the number of hydrophobic contacts and a corresponding increase in the number of
hydrogen bonds. Therefore, the fundamental mechanisms that govern the stability of the
complex formed between the dendrimer and fullerene derivatives are altered. We conclude
that the Lys-2Gly peptide dendrimer could be a suitable nanocontainer for the delivery of
not only fullerenes, but also fullerenols with a different number of OH groups.
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