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yrin hybrid nanoparticles that
generate activated oxygen by photoirradiation†

Kouta Sugikawa, * Kosuke Masuda, Kentaro Kozawa, Riku Kawasaki
and Atsushi Ikeda *

The preparation of water-dispersible hybrid nanoparticles comprising fullerene and porphyrin from

cyclodextrin complexes is described. In the presence of polyethylene glycol, C60 fullerene and porphyrin

were expelled from the cyclodextrin cavity to form fullerene–porphyrin hybrid nanoparticles in water.

The fullerene–porphyrin hybrid nanoparticles exhibit improved singlet oxygen generation ability under

photoirradiation compared with that of C60 nanoparticles.
Water-dispersible colloidal fullerene assemblies, referred to as
fullerene nanoparticles (NPs), have recently received increasing
attention.1–3 Fullerene NPs are negatively charged and can be
dispersed in water in the absence of any solubilizer. Fullerene
NPs demonstrate promise within biological and medical
applications, as radical scavengers and photosensitizers for
photodynamic therapy. To further extend the applications of
fullerene NPs, additional hybridization with desired functional
molecules is required. Porphyrin and associated derivatives are
highly promising candidates for hybridization with fullerenes
to increase photoactivity.4 Numerous studies on the complexa-
tion of fullerenes with porphyrin molecules using synthetic
organic chemistry5–7 or supramolecular chemistry8–10 have been
reported. Although fullerene NPs have been intensively studied
over the last decade, no reliable method to achieve the hybrid-
ization of porphyrins with fullerene NPs has been proposed.

Poly(ethylene glycol) monomethyl ether (PEG) was recently
observed to accelerate the decomposition of fullerene C60–g-CD
complexes in water, which leads to the rapid aggregation of C60

to form water-dispersible C60 NPs.11 In this method, C60–g-CD
complexes can exist as stable isolated molecules in water,
enabling the precise size control and step-wise growth of C60

NPs.12,13 Herein, the preparation of hybrid NPs comprising C60

and hydrophobic porphyrin molecules are reported. C60–g-CD
and porphyrin-trimethyl-b-cyclodextrin (por–TMe-b-CD)
complexes are mixed in water in the presence of PEG. Both
complexes decompose through the interaction of PEG with the
CDs, leading to the formation of C60–porphyrin hybrid NPs
(denoted as C60–por NPs). The C60–por NPs are negatively
ol of Advanced Science and Engineering,

739-8527, Japan. E-mail: sugikawa@

p

ESI) available: Experimental details and
charged and easily disperse in water. Additionally, the ability of
C60–por NPs to generate activated oxygen is also evaluated.

The C60–g-CD complex14,15 and 1–TMe-b-CD complex
(Fig. 1)16–18 were prepared according to a previously described
procedure (see the ESI† for details). The 1H NMR spectrum of
the mixed solution comprising the C60–g-CD complex and PEG
aer 1 h incubation at 80 �C shows that the peaks attributed to
the C60–g-CD complexes completely disappeared (Fig. S1†).
Hence, the 1H NMR data conrm the decomposition of the C60–

g-CD complexes and the formation of water-dispersible C60 NPs,
as previously reported.11–13 The effect of PEG on 1–TMe-b-CD
complexes was also investigated by 1H-NMR as shown in
Fig. S2.† Aer incubating the mixed solution of 1–TMe-b-CD
complex and PEG ([1] ¼ 0.1 mM, [PEG] ¼ 5.0 g L�1) for 1 h at
room temperature, peaks attributed to the 1–TMe-b-CD
complex were still evident at 4.97 ppm and above 7.7 ppm
(Fig. S2(i)†). Hence, PEG has no inuence upon the 1–TMe-b-CD
structure at room temperature. Conversely, aer incubating for
1 h at 80 �C, a dark purple precipitate formed and the afore-
mentioned 1H NMR peaks completely disappeared (Fig. S2(ii)†).
In the absence of PEG, the 1–TMe-b-CD complex was stable in
water both at room temperature (Fig. S2(iii)†) and 80 �C
(Fig. S2(iv)†). These results suggest a decomposition route of 1–
TMe-b-CD by interaction with PEG at 80 �C, with a concomitant
formation of non-dispersible large aggregates.

To obtain hybrid NPs comprising C60 and 1 (C60–1 NPs), PEG
(Mw ¼ 2000) was added to an aqueous solution containing C60–
Fig. 1 Chemical structures of porphyrin derivatives used in this study.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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g-CD and 1–TMe-b-CD complexes ([C60]¼ [1]¼ 0.1 mM, [PEG]¼
5.0 g L�1), which were thereaer incubated at room temperature
or 80 �C. The 1H NMR spectrum of the mixed solution at room
temperature shows peaks attributed to g-CD in the C60–g-CD
complex at 5.03 ppm, TMe-b-CD in the 1–TMe-b-CD complex at
4.97 ppm, and 1 in the 1–TMe-b-CD complex in the region of
7.6–8.5 ppm (Fig. 2a(i)). The data indicate that PEG fails to
induce the decomposition of the C60–g-CD and 1–TMe-b-CD
complexes at room temperature. Conversely, aer the mixture
was heated at 80 �C for 1 h, the peaks attributed to the C60–g-CD
and 1–TMe-b-CD complexes completely disappeared
(Fig. 2a(ii)). Hence, C60–g-CD and 1–TMe-b-CD were decom-
posed at 80 �C, in the presence of PEG. The solution aer being
subjected to heat treatment at 80 �C for 1 h, was dark purple in
the absence of any precipitate. The hydrodynamic diameter and
z-potential of the reacted solution were 125 nm (polydispersity
index ¼ 0.21) and �20.2 mV, respectively. Water dispersible
fullerene NPs typically exhibit negative z-potentials, the origin
of which still requires elucidating.19,20 Hence, the formation of
water-dispersible nano-composites, C60–1 NPs, is suggested.

The por–TMe-b-CD complexes using 2–6 (Fig. 1), were also
prepared adopting the same procedure as that for the 1–TMe-b-
CD complex. Each por–TMe-b-CD complex solution was mixed
with C60–g-CD and PEG ([C60] ¼ [por] ¼ 0.1 mM, [PEG] ¼ 5.0 g
L�1). The 1H NMR spectrum of each individual mixed solution
Fig. 2 (a) 1H NMR spectra of mixed solutions comprising fullerene
C60–g-cyclodextrin (CD) and 1–trimethyl (TMe)-b-CD complexes
([C60] ¼ [1] ¼ 0.1 mM) (i) before and (ii) after heating at 80 �C for 1 h, in
the presence of polyethylene glycol (PEG) (5 g L�1). Open circles: free
g-CD, filled circles: C60–g-CD, open diamonds: free TMe-b-CD, and
filled diamonds: porphyrin–TMe-b-CD (por–TMe-b-CD) complex.
The spectra at 7.6–8.5 ppm, are amplified five-fold. (b) Ultraviolet-
visible (UV/Vis) absorption spectra of the mixed solution comprising
C60–g-CD and 1–TMe-b-CD complexes ([C60] ¼ [1] ¼ 0.1 mM) with
PEG (5 g L�1), before (dashed line) and after (solid line) heating at 80 �C
for 1 h. (c) UV/Vis absorption spectra of the mixed solution comprising
the C60–g-CD complex as a function of the 1–TMe-b-CD complex
concentration ([C60]¼ 0.1mM, [1]¼ 0–0.2mM)with PEG (5 g L�1) after
heating at 80 �C for 1 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
aer being incubated for 1 h at 80 �C, is shown in Fig. S3.† In
the 1H NMR spectrum of the mixture comprising C60–g-CD and
2–TMe-b-CD, the peaks attributed to these complexes at 5.03,
4.98, and 7.60–8.50 ppm, completely disappeared aer being
subjected to incubation for 1 h at 80 �C, without precipitation
(Fig. S3a†). Similar changes in the 1H NMR spectrum of the
mixture comprising C60–g-CD and 3–TMe-b-CD complexes are
observed, as shown in Fig. S3b.† The data suggest that the 2–
TMe-b-CD and 3–TMe-b-CD complexes can be decomposed in
a similar manner as the C60–g-CD complexes, and imply the
formation of C60–2 and C60–3 NPs.

The 1H NMR spectra of the mixed solutions comprising C60–

g-CD and 4, 5, or 6–TMe-b-CD complexes failed to show peaks
attributed to the C60–g-CD complex, and peaks associated with
the respective por–TMe-b-CD complexes were observed aer
incubation for 1 h at 80 �C (Fig. S3c–e,† respectively). Hence, the
data suggest that the C60–g-CD complex decomposed in the
presence of PEG, and the 4, 5, and 6–TMe-b-CD complexes were
observed to be stable without decomposition at 80 �C. There
have been reports suggesting the strong interaction of water-
soluble tetraphenyl porphyrins with TMe-b-CDs.21,22 Polar
substituents prompt the penetration of the polarized porphyrin
rims into the TMe-b-CD cavity. Porphyrins 4–6 possess polar
substituents, which are suggested to enable the formation of
stable TMe-b-CD complexes. Furthermore, the size of the b-CD
cavity is sufficiently narrow to prevent any strong interaction
with PEG.23 Thus, PEG-induced decomposition of the 4, 5, and
6–TMe-b-CD complexes is not possible.

The absorption behavior of C60–1 NPs was investigated using
ultraviolet-visible (UV/Vis) spectroscopy. In the UV/Vis spectra,
the characteristic peak of solvated C60–g-CD, at 333 nm shied
to 344 nm aer heating at 80 �C for 1 h (Fig. 2b). An additional
broad absorption at 400–550 nm is also apparent, which is
characteristic of solid-state crystalline C60 and arises from the
electronic interactions between adjacent C60 molecules.24,25 The
characteristic peak of the solvated 1–TMe-b-CD complex at
415 nm, shied to 432 nm, with induced broadening aer being
subjected to heat treatment at 80 �C for 1 h (Fig. 2b). In the
absence of C60–g-CD complexes, the characteristic absorption
peak attributed to the solvated 1–TMe-b-CD complex completely
disappeared aer heating for 1 h at 80 �C, in the presence of
PEG (Fig. S4†). The data show that 1, when expelled from the
TMe-b-CD cavities, forms non-dispersible precipitates in the
absence of C60. For 1 dispelled from the TMe-b-CD cavities to be
stably dispersed in water, formation of co-aggregates with C60

may be a prerequisite. C60–2 and C60–3 NPs also show similar
UV-Vis absorption spectra aer being subjected to heating at
80 �C for 1 h, as shown in Fig. S5a and b,† respectively.

To further elucidate the composite formation of C60 and 1,
the inuence of 1 concentration on C60–1 NP formation was
investigated by UV/Vis spectroscopy (Fig. 2c). The intensity of
the absorption peak at 432 nm increased as a function of 1
concentration from 0.05 to 0.1 mM. Conversely, the absorption
peak at 345 nm, derived from the formation of fullerene NPs,
shied to 338 nm, with increasing concentration of 1. This
absorption peak derives from the fullerene nanoparticle size,
and as the size decreased (i.e., the NPs became smaller), the
RSC Adv., 2021, 11, 1564–1568 | 1565
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peak blue-shied.11 The results suggest that in the presence of
1, the fullerene interaction might be disturbed, or smaller C60

NPs might form. For C60–1 NPs formulated with 0.2 mM of 1
([C60] ¼ 0.1 mM, [1] ¼ 0.2 mM), the absorption peak derived
from the Soret band of 1 split into two peaks (Fig. 2c). The
absorption peak at the shorter wavelength of 415 nm is
consistent with that of the 1–TMe-b-CD complex. The absorp-
tion peak at the longer wavelength of 431 nm is almost
consistent with the absorption peaks in the UV/Vis spectra of
C60–1 NPs fabricated with 0.05 and 0.1 mM of 1. The ndings
indicate that in the sample comprising 0.2 mM of 1, a portion of
the 1–TMe-b-CD complexes remained in the complex state aer
heating for 1 h at 80 �C, in the presence of PEG. The absorption
peak at 338 nm, which reects the state of fullerene NPs, is
similar to that of C60–1 NPs fabricated with 0.1 mM of 1. When
C60 and 1 form co-aggregated NPs, the ratio of 1 to C60 is
thought to be limited to �1 : 1.

Morphological observations of the hybrid NPs were also
undertaken. In the absence of the por–TMe-b-CD complex, C60

NPs possessing fairly monodisperse size distributions were
observed (Fig. S6a†). The average diameter of the individual
NPs, determined from the transmission electron microscopy
(TEM) images, is 82 nm. C60 NPs have been previously reported
to exhibit lattice fringes and diffraction patterns, which
suggests that C60 NPs maintain the face-centered cubic (fcc)
crystalline structure.11 C60–1 NPs prepared with 0.05 mM C60

and 0.1 mM 1, possessed irregular shapes (Fig. 3a and b,
respectively). The average diameter of C60–1 NPs, determined by
TEM, is 119 nm (Fig. 3a and S6b†), demonstrating the larger
C60–1 NP size than that of the C60 NPs (82 nm). Increasing the
Fig. 3 Transmission electron microscopy (TEM) images of C60–1
nanoparticles (NPs) prepared with (a) 0.05 and (b) 0.1 mM of the 1–
TMe-b-CD complex. TEM images of (c) C60–2 and (d) C60–3 NPs.
Scale bars in images (a–d) are 100 nm. (e) High resolution TEM
micrograph and selected-area electron diffraction pattern of C60–1
NP. Scale bar is 10 nm. (f) 13C NMR spectra of (i) C60 NPs and (ii) C60–1
NPs. (g) Illustration of a C60–por NP. A portion of C60 form crystalline
structures, while a portion of the porphyrin molecules interact with
C60 at the molecular level.

1566 | RSC Adv., 2021, 11, 1564–1568
concentration of 1 to 0.1 mM results in the average diameter of
C60–1 NPs to increase to 131 nm (Fig. 3b and S6c†). Similar
morphology is observed from the TEM micrographs of C60–2
and C60–3NPs having average diameters of 109 nm and 144 nm,
respectively (Fig. 3c and d, respectively). A lower PEG molecular
weight or a lower reaction temperature during C60 NP formation
via C60–g-CD complexes have been reported to induce an
increase in the diameter of the C60 NPs.11,12 Thus, the ndings
suggest that slower reaction conditions result in less nucleation
and a larger NP formation. Porphyrin 3 possesses a methoxy
substituent at the para position of the phenyl group and is more
polar than 1 or 2. Previous reports have demonstrated that the
higher the polarity of the phenyl group, the more stable the
complex with TMe-b-CD,21,22 which indicates that 3–TMe-b-CD
is more stable than 1– or 2–TMe-b-CD in water. Thus, the
aforementioned decomposition, which results from the inter-
action with PEG, is slower in 3 with a concomitant increase in
the NP size.

In the high-resolution TEM micrograph (Fig. 3e), the C60–1
NPs only exhibited partial lattice fringes, and hence did not
show clear diffraction patterns compared with the C60 NPs
(inset in Fig. 3e).11 The ndings demonstrate the highly amor-
phous nature of the C60–1NPs, and that the C60 crystal structure
was only retained in part. 13C NMR spectra also provide
important information about the structure of the C60–1 NPs. A
characteristic C60 cluster signal at 142.4 ppm was detected in
both C60 NPs and C60–1NPs (Fig. 3f).26 The C60–1NP dispersions
also exhibited several small new signals at 141.5, 143.3, and
143.7 ppm, as shown in Fig. 3f(ii). When a fullerene and
a porphyrin molecule form a stable complex in solution, the C60

signal shis depending on the interaction type between the
fullerene and the porphyrin molecule.27 Thus, the porphyrin
molecule interacted with the aggregate of C60 in C60–1, as
illustrated in Fig. 3g.

Some porphyrin molecules can form a co-crystal with
fullerene C60.28 To form a crystal structure, not only the inter-
action between molecules but also the relationship with the
solvent, such as gradually changing the polarity of the solvent or
removing the solvent, are important. In our system, porphyrin
molecules that are pseudo-dissolved by TMe-b-CDs are added to
water, which is a poor solvent for porphyrins, through the
interaction of PEG with TMe-b-CDs. The porphyrin molecule
should immediately aggregate and have difficulty forming
a crystal structure. Furthermore, because water is also a poor
solvent for fullerene C60, C60 also immediately aggregates in
water. Thus, it should be extremely difficult for C60 and
porphyrin molecules to regularly associate to form a co-crystal
structure.

The concentration of singlet oxygen molecules (1O2, Type-II
energy transfer pathway) generated by photoirradiation was
measured according to a chemical method using 9,10-
anthracenediyl-bis(methylene) dimalonic acid (ABDA)15,29 as
a marker to determine the biological activities of C60 NPs, C60–

1 NPs, C60–2 NPs, and C60–3 NPs. The absorption of ABDA at
the absorption maximum (380 nm) was monitored as a func-
tion of irradiation time ([C60] ¼ 0.1 mM, [por] ¼ 0 or 0.1 mM).
Under visible-light irradiation at wavelengths > 620 nm, C60–1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) 1O2 generation by NPs. Bleaching of 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA) was monitored as a function of
the decrease in the absorbance at 380 nm, for C60 NPs (black circles
and solid line), C60–1 NPs (red circles and solid line), C60–2 NPs (blue
circles and solid line), and C60–3 NPs (green circles and solid line)
([C60] ¼ 15 mM, [por] ¼ 0 or 15 mM, [ABDA] ¼ 25 mM). (b) O2c

� gener-
ation by NPs. The amount of formazan generated by the reduction of
nitroblue tetrazolium (NBT) in the presence of O2c

� was analyzed by
the absorbance at 560 nm, of C60–1 NPs (red circles) and C60–2 NPs
(blue circles) in the absence (solid lines) and presence (dashed lines) of
NADH ([C60] ¼ 15 mM, [por] ¼ 15 mM, [NBT] ¼ 200 mM, [NADH] ¼ 0 or
625 mM). All samples were photoirradiated at >620 nm, in O2-saturated
aqueous solutions.
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NPs, C60–2 NPs, and C60–3 NPs generated higher levels of 1O2

than C60 (Fig. 4a). These results show that the 1O2 photopro-
duction abilities of the C60–por NPs were higher than that of
the C60 NPs. There are no signicant differences in the 1O2

photoproduction abilities of C60–1 NPs, C60–2 NPs, and C60–3
NPs, which suggests that the structure of the porphyrin has an
insignicant inuence on the ability of the hybrid NPs. The
generation of formazan, via the reduction of nitroblue tetra-
zolium (NBT) by oxygen radicals (O2c

�), is observed as an
increase of absorption intensity at 560 nm.30 The reduction of
NBT by O2c

�was scarcely detected in solutions containing C60–

1 NPs, C60–2 NPs, and C60–3 NPs under photoirradiation, even
though formazan was readily detected in the positive control
sample in the presence of reduced nicotinamide adenine
dinucleotide (NADH) (Fig. 4b). The results suggest that the
reactive oxygen species produced by C60–1 NPs, C60–2 NPs, and
C60–3 NPs are predominantly 1O2 generated by a Type-II
reaction.18

In summary, the preparation of hybrid C60–porphyrin NPs
was achieved via a guest exchange reaction comprising
porphyrin CD complexes and C60. Seven C60–por NP derivatives
with various moieties were prepared. CD porphyrin complexes
possessing phenyl and methoxyphenyl moieties were decom-
posed in the presence of PEG at the same time as C60–g-CD
complexes and formed NPs with C60. Porphyrins containing
a hydrophilic moiety form stable complexes with TMe-b-CD and
fail to co-aggregate with C60. The C60–por NPs are negatively
charged and are easily dispersed and stable in water. The 1O2

generation ability of C60–por NPs under photoirradiation (>620
nm) is greater than that of C60 NPs. The ndings herein
demonstrate a new method to fabricate fullerene–porphyrin
composite materials, which provides a route to highly func-
tional fullerene-based materials.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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