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Fullerenes have unique structural and electronic properties that make them attractive candidates for
diagnostic, therapeutic, and theranostic applications. However, their poor water solubility remains
a limiting factor in realizing their full biomedical potential. Here, we present an approach based on
a combination of supramolecular and covalent chemistry to access well-defined fullerene-containing
polymer nanoparticles with a core—shell structure. In this approach, solvophobic forces and aromatic
interactions first come into play to afford a micellar structure with a poly(ethylene glycol) shell and

a corannulene-based fullerene-rich core. Covalent stabilization of the supramolecular assembly then
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Accepted 23rd February 2021 affords core-crosslinked polymer nanoparticles. The shell makes these nanoparticles biocompatible and
allows them to be dried to a solid and redispersed in water without inducing interparticle aggregation.

DOI: 10.1039/d1sc00602a The core allows a high content of different fullerene types to be encapsulated. Finally, covalent

rsc.li/chemical-science stabilization endows nanostructures with stability against changing environmental conditions.
Introduction
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Fig. 1 The most common strategies for preparing water-soluble
fullerenes involve supramolecular complexation with a polymer chain
or covalent modification of the carbon scaffold (top). The attributes of
t Electronic ~ supplementary information (ESI) available. See DOL 4 fullerene-containing core—shell nanoparticle morphology as

10.1039/d15c00602a explored in this work (bottom).
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great strides have been made recently with the help of ‘click’
chemistry, which allows for multi-fullerene molecules to be
prepared by multi-step organic synthesis.*® The latter approach
suffers from low fullerene loading capacity (~1 wt%) and
reduced in vivo stability of the noncovalent constructs. Inter-
estingly, C, is shown to be a better candidate in terms of bio-
logical applications.” However, studies involving C,, are scarce
due to an even higher restriction on access to water-soluble
larger fullerene structures. To address these issues, we
designed a covalently stabilized block copolymer micellar
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Scheme 1 Chemical structure of host polymer 1 encoded with cor-
annulenes and its assembly with fullerenes through ball-and-socket
interactions between concave and convex aromatic surfaces to furnish
micellar nanoparticles.
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Fig. 2 The hosting polymer block contains many corannulene units
attached to the polymer backbone through a linker that can adjust
upon receiving the guest molecule. These features allow accommo-
dating different fullerene sizes in the micellar core.

system in which (i) host-guest interactions in the micellar core
enable a high (8 wt%) fullerene loading capacity (Scheme 1), (ii)
the flexibility of the host units and their multiple numbers allow
smaller (Cg) and larger (C,) guest surfaces to be encapsulated
irrespective of their sizes (Fig. 2), (iii) core-crosslinking renders
the structures robust against changing environmental condi-
tions, and (iv) a well-defined PEG-based shell provides solvation
in water, hemocompatibility, and protection from unfavorable
interparticle and protein-particle interactions. A preliminary
property study is also carried out, which indicates that C,,
nanoparticles are more active than Cg, nanoparticles towards
free radical scavenging in aqueous solutions. This observation
further reinforces the idea that larger fullerenes offer superior
biorelevant properties.

Results and discussion
Molecular design

Corannulene (C,,H;,) can be considered a fragment of fullerene
Ce0.”° However, its tour-de-force synthesis by Barth and Lawton
predates the discovery of fullerenes by nearly two decades.*
Since then, many properties of this fascinating molecule have
been studied, including its capacity to host fullerene Cgo **
through complementarity of the curved m-surfaces.”® To intro-
duce this motif into a polymer chain, a post-polymerization
modification strategy was developed (Scheme 2). For this,
initially, an atom transfer radical polymerization of glycidyl
methacrylate (GMA) monomer through a poly(ethylene glycol)
(PEG)-based macroinitiator (PEG-Br) (Mpgpc) = 8600, My,/M,, =
1.1) was carried out to access the reactive block copolymer (PEG-
b-PGMA) scaffold (MyGpc) = 12 700, M,,/M;, = 1.2) (ESI Fig. S17).
Area integration analysis in 'H NMR spectroscopy indicates that
the degree of polymerization for the GMA block was approxi-
mately 17 repeating units (ESI Fig. S21). The ring opening
reaction between the epoxide group of PGMA and mercapto-
corannulene then afforded host polymer 1 (M,pc) = 17 800,
M, /M, = 1.2). "H NMR spectroscopy indicated that the post-
synthesis modification reaction was quantitative; therefore,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of block copolymer 1 through post-polymeri-

zation modification of the reactive poly(ethylene glycol)-b-poly(-
glycidyl methacrylate) scaffold.

approximately 17 corannulene units were incorporated into
each diblock copolymer chain. This synthetic strategy was
chosen because the ring opening reaction produces a reactive
hydroxyl group that could be used for the core-crosslinking
reaction once the amphiphilic block copolymer assembles
into a micellar nanostructure. The choice of PEG as the shell
component was due to its ability to avoid fouling with proteins
and to impart water solubility and prolonged blood circulation
kinetics to the nanoparticles.”*

Micelle formation and covalent stabilization*

Above a certain concentration, block copolymers carrying
hydrophilic and hydrophobic segments can assemble into
a micellar structure in a solvent that selectively solubilizes only
one of the polymer blocks.*® The concentration is referred to as
the critical micelle concentration (CMC). Micelles can be
produced with different morphologies and functions. However,
their supramolecular nature makes them susceptible to
changing environmental conditions. For example, a solvent that
can solubilize both polymer blocks can dissolve the supramo-
lecular structure. In the context of biological applications, shear
forces under flow conditions are also expected to disrupt such
noncovalent assemblies. Crosslinking of the core or shell is
required to stabilize the assembled structure against any
changes in solvent, concentration, or temperature. This path
leads to robust nanoparticles.?*?*”-**

To study micelle formation from polymer 1 under aqueous
conditions, the fluorescence emission of corannulene was
monitored at 465 nm. As the polymer chains begin to assemble,
the emission signal intensity decreases due to the aggregation-
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Fig.3 Critical micelle concentration for polymer 1 (top). Dynamic light
scattering data for micellization before and after core crosslinking
process in water and dimethyformamide (bottom).

induced self-quenching process.*” These data allows the deter-
mination of the CMC and indicate that at concentrations above
12 pg mL™', polymer 1 forms micellar structures (Fig. 3).
Dynamic light scattering (DLS) studies were undertaken to
investigate the micellar sizes. In dimethylformamide (DMF),
a good solvent for both polymer blocks, a hydrodynamic
diameter of <1 nm indicated individual polymer chains in the
solution. In water, a solvent preferential for the poly(ethylene
glycol) block, larger structures with an average hydrodynamic
diameter of 37-38 nm could be observed, indicating micellar
assembly. These micelles could be stabilized through cross-
linking of the hydroxyl groups present in the core with adipic
acid using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI) as the carboxyl activating agent and dimethylamino-
pyridine (DMAP) as the catalyst for the formation of the ester
bonds. Upon crosslinking of the core, the micellar size
decreased slightly (31-32 nm). This is most likely due to
crosslinking-induced shrinkage of the core.

Since, such an intermolecular crosslinking process requires
a very low fraction of the reactive sites, and the polymer chains

Chem. Sci., 2021, 12, 4949-4957 | 4951
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contained the ester groups already (before formation of new
ester bonds upon core-crosslinking), typical characterization
tools such as NMR and IR spectroscopies were found to be of no
help in characterizing the crosslinked structure. However, the
success of the crosslinking process could be verified by disso-
lution of the micelles in DMF - a solvent that is good for both
polymer blocks and therefore capable of solubilizing the
supramolecular micellar assembly into individual polymer
chains (Fig. 3). Upon crosslinking, the micelles could be
dispersed in DMF without destroying the nanostructure (Fig. 3).
This indicated that the crosslinking process was successful in
covalently stabilizing the micellar structure. However, larger
particle sizes were observed (82-83 nm), presumably due to
swelling of the crosslinked core in DMF.

Fullerene loading

Two different approaches were examined to incorporate fuller-
enes into the micellar structures (Fig. 4). In the first approach,
preformed micelles were exposed to Ceo/Co through sonication
in water. Crosslinking was then performed to lock the Cgo/Co
that entered into the core. Alternatively, polymer and Cg/C5o
were mixed together in tetrahydrofuran, and then water was
added to allow the formation of micelles. Finally, the supra-
molecular structure was crosslinked. In the second approach,
the polymer chains can interact with the fullerenes before
formation of the secondary structure. To study the loading
capacity arising from these different preparation methods, UV-
Vis spectroscopy was used (ESI Fig. S3t). In water, the molar
absorption coefficient (¢) of Cg is 49 000 at 340 nm, and 34 000
for C;, at 384 nm." This allows a comparison to be made and
calculation of the concentration of fullerenes in the crosslinked

ﬁ%ﬁ

—>
Polymer Assembly Fullerene Complexation
&
Core Crosslinking
[ ]
—> —> /\/ . o..

s

Fullerene Complexation Core Crosslinking

Polymer Assembly

Fig. 4 Different approaches for the encapsulation of fullerenes into
the host polymer micelle. The top shows exposure of pre-formed
micelles to fullerenes, which leads to low fullerene loading capacity.
The bottom shows an alternative approach in which the micelles are
allowed to form in the presence of fullerenes leading to a higher
fullerene loading capacity.
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Fig. 5 ®C NMR showing signals from the free Cgo added as an
external standard in the outer tube (reference) in deuterated tetra-
chloroethane and complexed Cgo Within the core of the crosslinked
nanoparticle present in the inner tube (sample) also in deuterated
tetrachloroethane. The internal tube diameter was 3 mm, while the
external tube diameter was 5 mm.

nanoparticles to be performed. These data indicated that the
first approach resulted in the incorporation of approximately
1.22 wt% fullerenes into the particle core. The second approach,
however, was superior and furnished 8.12 and 8.01 wt% Cg, and
C,o, respectively, into the nanoparticles.

To investigate the supramolecular complexation between
fullerenes and corannulene through interaction of their curved
surfaces, *C-enriched fullerenes were utilized, and the cross-
linked nanoparticles were studied with the help of *C NMR
spectroscopy (Fig. 5). In the case of Cg, nanoparticles, an upfield
shift of 1.4 ppm (6 = 142.8 free Cqp; 6 = 141.4 complexed Cg),
indicative of aromatic shielding effect and consistent with the
previously reported supramolecular fullerene complexes,** was
observed in the "*C resonance of Cg. To rule out any unspecific
interactions as the cause for this shift, an external standard
tube (of larger diameter than that of the original NMR tube)
containing a pure solution of Cg, in deuterated tetrachloro-
ethane was used. These samples showed signals from the
uncomplexed fullerene (present as an external standard) and
the signal from the Cq, nanoparticles also in deuterated tetra-
chloroethane. These data confirmed that the shift of 1.4 ppm
was due to specific complexation of Cg, with corannulenes in
the nanoparticle core. A broadening of the Ce, signal was also
observed, possibly as a result of the restricted rotational
freedom of complexed Ceq molecules in the nanoparticle core.

Unlike Cg, which possesses only one type of carbon atom,
C,o possesses 5 different types of carbons. Furthermore, the
commercially obtained "*C-enriched C,, sample was found to
be contaminated with Cg(. Therefore, the **C NMR displayed
a total of 6 signals from a mixture of fullerenes (ESI Fig. S47).
The same external standard technique was employed to confirm
the signal shift. This study indicated that in the nanoparticles,
the signals shifted by approximately 1, 1.2, 1.5, 1.1, and 1.1 ppm
upon C,, complexation. The signals were also relatively broad.
These results again indicated that the fullerenes were localized
in the particle core. Interestingly, when the two fullerenes are
part of the same nanoparticle core, the shift in the Cg, signal is
nearly half (0.7 ppm) that when there is no competition from
Cyo. This indicates that Cy, is a preferred guest and binds more
strongly to the multicorannulene host. In DLS, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DLS data for block copolymer micelles before and after core-
crosslinking in water and DMF in the presence of Cgo (top) and Cyg
(bottom).

nanostructure sizes increase when the core nests the fullerenes
(Fig. 6). In transmission electron microscopy (TEM), these cores
could be visualized without the need for staining the samples
due to their high electron densities (Fig. 7 and ESI Fig. S57).

Finally, corannulene was replaced with a simple phenyl
group in polymer 1 (Scheme 3). This effort was directed at
examining the antithesis that fullerene encapsulation in the
micellar core required only a hydrophobic atmosphere and
simple aromatic groups for stabilization. For this, the ring
opening reaction was carried out using thiophenol to give
polymer 2 (ESI Fig. S6T). Polymers 1 and 2 were obtained from
the same PEG-b-PGMA scaffold. Hence, they contained identical
number of repeating units in the polymer chains (m = 113,n =
17) necessary for comparison. Polymer 2 successfully formed
micelles in water (ESI Fig. S71). Importantly, however, it failed
to show any fullerene uptake in its micellar core (ESI Fig. S87).

The *C NMR and UV-Vis spectroscopies, therefore, suggest
that the specific convex-concave interactions between fuller-
enes and corannulene are key to encapsulating a large amount
of fullerenes in the nanoparticle core.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Transmission electron microscopy images of the fullerene Cgq
(left) and C;p-loaded (right) nanoparticle cores.
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Scheme 3 Synthesis of copolymer 2.

Structural integrity of the nanoparticles

Typically, aqueous dispersions of fullerene nanoparticles are
prone to aggregation in the drying process, thereby losing their
structural integrity. In the current molecular design, the particle
shells are noncrosslinked and provide a molecularly defined
layer of solvation (hydration) and protection to the crosslinked
core against changes in concentration. The removal of the
solvent and a redispersion therefore do not lead to any adverse
effect on the integrity of the nanoparticles. This can be observed
by drying the nanoparticulate matter and then redissolving it in
water. The hydrodynamic volume before and after this process
remains unchanged (ESI Fig. S9-S11f). This characteristic
allows nanoparticles to be stored and transported in
a powdered form. The aqueous solution can be prepared when
required. Furthermore, once the solution is prepared, no
changes are observed in the particle sizes even for months after
their dissolution (ESI Fig. S127).

Encouraged by these results, the thermal stability of the
cargo was studied with the help of "C NMR spectroscopy
(Fig. 8). The goal of these experiments was to heat the nano-
particles and determine whether uncomplexed fullerene could
be detected in solution. If so, it would indicate that the guest-
loaded core is unstable at higher temperatures and releases
the guest molecules into the solution. In these experiments, an
external standard was not employed to avoid overlap between
the free fullerene signals. Initially, the Cgy-containing nano-
particles were heated at 60 °C for 24 hours, and no signal
belonging to the free fullerene could be observed in the

Chem. Sci., 2021, 12, 4949-4957 | 4953
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Fig. 8 ®C NMR spectra showing the Cgo signal in the polymer
nanoparticle core after heating at 60 (top) and 100 °C (bottom) for 24
and 70 hours, respectively.

solution. Therefore, the temperature was increased to 100 °C,
and the sample was heated for 70 hours. In this case also, the
complexed fullerene signal remained intact.

Finally, nanoparticle stability was evaluated against acidic
and basic conditions. For this, nanoparticles were dissolved in

Edge Article

PBS (pH = 7.4) and citric acid/Na,HPO, (pH = 2.5) buffers and
monitored with the help of DLS. The nanoparticles did not
display any change in their diameter under either conditions
(ESI Fig. $137).

The ability to switch from bulk materials to aqueous solution
and withstand demanding thermal/pH conditions relates to the
core-shell morphology of the nanostructures and is unprece-
dented in the fullerene-based water-soluble nanoparticle arena.

Radical scavenging activity

Having access to fullerene nanoparticles, their free radical
scavenging activity was assessed with the help of a 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay.** In
this assay, the interaction between an antioxidant and the
pregenerated ABTS radical cation was examined with the help of
UV-Vis spectroscopy (Fig. 9). Upon successful quenching of the
radical cation, a decrease in the absorption intensity of the
signals located at 645, 734, and 815 nm could be observed. The
amount of antioxidant required to quench this intensity by 50%
is defined as the inhibition concentrations, (ICs,). This study
produced interesting results. The micelles without Cg, show
moderate antioxidant capacity (Fig. 9a), most likely due to
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corannulenes in the micellar core (IC5, = 1000 pug mL ™). The
presence of Cg, enhanced this capacity (IC5o = 529 ug mL™")
(Fig. 9b). In the case of C,, the visual color changes could
already be appreciated beginning at 100 pg mL ™" (Fig. 9¢). In
this system, to reach ICs,, a relatively lower amount of 384 ng
mL ™" was required. C,o-containing nanoparticles, therefore, are
the most active system in this regard (Fig. 9d).

Protein adsorption

This aspect was studied with the help of bovine serum albumin
(BSA) and the Bradford method to quantify the amount of the
adsorbed protein onto the nanoparticles.*® In this method,
binding of the protein to a dye molecule changes its absorbance
from red to blue region (ESI Fig. S147). If no protein binds, then
the solution remains brown. Thus, the amount of complex
present in solution is a measure of the protein concentration
and can be estimated by use of an absorbance reading. To
achieve this, the particles were incubated with BSA for 3 hours
to achieve equilibration. After this time, the particles were
removed from the solution by centrifugation, and the super-
natant was examined by means of UV-Vis spectroscopy (595 nm)
to quantify the amount of the ‘free’ (unadsorbed) protein. In
this way, the amount of adsorbed protein was calculated to be
3.5 and 3.8% for nanoparticles containing Cg, and Cy,
respectively.

Hemolysis

As a measure of biocompatibility, a hemolysis assay was per-
formed to assess the lytic activity of nanoparticles using sheep
red blood cells (RBCs). In this study, the released hemoglobin
was detected by means of UV-Vis spectroscopy at a wavelength
of 540 nm and compared to positive and negative controls. The
negative control was PBS buffer, in which the RBCs do not
disintegrate owing to the isotonic effect and a net zero move-
ment of molecules across the membrane.*® The positive control
was deionized water, in which RBCs disintegrate fully due to
a hypotonic effect and movement of pure water into the cells
through osmosis, resulting in bursting of the cell walls. In the
case of nanoparticles, however, no hemolysis was observed even
at a concentration of 1000 pg mL~' (ESI Fig. S15f). This
suggests that nanoparticles have no toxic effects on mammalian
cell walls, which bodes well for their future applicability as
diagnostic probes.

Conclusions

In summary, core-crosslinked polymer nanoparticles can be
prepared by combining a supramolecular complexation and
covalent stabilization strategy. The particles contain a high
loading (8%) of smaller (Cgo) and larger (C;o) fullerenes and
provide an opportunity to compare their properties. Radical
scavenging leads to the conclusion that C,, particles possess
higher antioxidant activity (ICs, = 384 pg mL™"). The particles
can be stored in a powdered form in bulk and can be redis-
persed when required. They are stable even when heated to
100 °C for 70 hours. They resist the accumulation of proteins

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(<4%) and are nonhemolytic even at high concentrations (1000
pug mL™Y). It is anticipated that replacing normal fullerenes
from the present design with endohedral fullerenes containing
a contrast agent, such as Gd(m), will lead to nontoxic imaging
probes with long circulation times due to their nanometer sizes
and a poly(ethylene glycol) shell. Furthermore, the preparation
of water-soluble nanoparticles with higher fullerenes® (e.g., C-¢
and Cg,) and the study of their biorelevant properties appear to
be an enticing research direction.

Experimental details
Micelle formation

First approach. Diblock copolymer 1 (3 mg) was first dis-
solved in THF (150 pL). After adding this suspension dropwise
into deionized water (3 mL) under stirring, the micellar solution
was dialyzed (dialysis tube: cutoff 1 kDa) against deionized (DI)
water for 2 days to remove the THF. The final polymer
concentration was about 1 mg mL™'. Fullerene (1 eq. per cor-
annulene unit) was added into the micellar solution (3 mg
mL ") and sonicated for 30 minutes. The solution was then
filtered through a 0.8 um syringe filter (cellulose acetate).

Second approach. Diblock copolymer 1 (3 mg) and fullerene
(1 eq. per corannulene unit) were first suspended in THF (150
pL) and stirred for 30 minutes. After adding this suspension
dropwise into deionized (DI) water (3 mL) under stirring, the
micelle solution was then filtered through a 0.8 um syringe filter
(cellulose acetate). The mixture was dialyzed (dialysis tube:
cutoff 1 kDa) against deionized water for 2 days to remove the
THF.

Crosslinking of micelles

To a solution of adipic acid (0.15 mg, 1 pmol (0.5 eq. per
hydroxyl unit)), EDCI (0.5 mg, 0.2 pmol) and DMAP (0.3 mg, 0.2
pumol) in DI water (50 uL) were added dropwise into the micellar
solution (1 mg mL™"). The reaction mixture was stirred at room
temperature overnight. After this time, the reaction mixture was
dialyzed (dialysis tube: cutoff 1 kDa) against DI water for 1 day.
The crosslinked micelles were lyophilized to dryness.
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