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ABSTRACT

Graphene oxide (GO), single-walled carbon nanohorn (CNHox), or nitrogen-doped CNH (N-CNH)
were functionalized with fluorinated poly(ethylene glycol) (F-PEG) and/or with a fluorinated
dendrimer (F-DEN) to prepare a series of assembled nanocomposites (GO/F-PEG, CNHox/F-PEG,
N-CNH/F-PEG, N-CNH/F-DEN and N-CNH/F-DEN/F-PEG) that provide effective multisite O2
reservoirs. In all cases, the O2 uptake increased with time and saturated after 10-20 min. When
graphitic carbons (GO and CNHox) were coated with F-PEG, the O, uptake doubled. The O»
loading was slightly higher in N-CNH as compared to CNHox. Notably, coating N-CNH with F-
DEN or F-PEG, or with both F-DEN and F-PEG, was more effective. The best performance was
obtained with the N-CNH/F-DEN/F-PEG nanocomposite. The O uptake kinetics and mechanisms
were analyzed in terms of Langmuir adsorption equation based on a multi-binding site assumption.
This allowed the precise determination of multiple oxygen binding sites, including on the graphitic
structure and in the dendrimer, F-DEN and F-PEG. After an initial rapid, relatively limited release,
the amount of O; trapped in the nanomaterials remained high (> 95%) amount. This amount was

marginally lower for the functionalized composites, but the oxygen stored was reserved for longer



times. Finally, it is shown that these systems can generate singlet oxygen after irradiation by a
light-emitting diode, and this production correlates with the amount of O loaded. Thus, It was
anticipated that the present nanocomposites hierarchically assembled from components with
different characters and complementary affinities for oxygen can be useful as O> reservoirs for

singlet oxygen generation to kill bacteria and viruses and to perform photodynamic therapy.
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INTRODUCTION

Oxygen has a vital role in maintaining the normal physiological function of the human body.
It plays a crucial role in the cellular microenvironment that controls the cell viability and
differentiation, the adenosine triphosphate (ATP) production, and the regulation of metabolic
processes. Hypoxia, which is characterized by an insufficient level of oxygen in the tissues, can
induce apoptosis and necrosis of the cells. Hypoxia is related to numerous pathologies from
inflammation to cancer.'"* O, carriers are an alternative to blood for improving tissue and organ
oxygenation.*!? However, although several biomaterials were reported to deliver oxygen, there
still are limitations like vasoconstriction in the case of hemoglobin-based products and other side
effects or intolerance by patients, and hence the search for safer and more effective O: carriers is

nessary.%’ Oxygen delivery can be achieved using perfluorocarbon emulsions,*68:10-13

synthetic
hemes and hemoglobin-based carriers.5® The O, carrier properties of perfluorocarbon emulsions
are due to the unique gas dissolving properties of perfluorocarbons combined to their chemical

inertness.*6:10:12.14

Perfluorocarbons exhibit low intramolecular cohesion and can provide a
suitable microenvironment for O> molecule storage in a liquid phase. The affinity of oxygen to
solid matrices,'? including graphene oxide!® has also been investigated to design effective O
carriers. The use of fluorinated zeolites to store and transport O, was suggested t0o.!¢ Designing
such a perfluorocarbon-rich microenvironment could improve the efficiency of oxygen loading in
graphitic nanomaterials, and this is the challenge addressed in this article.

Like graphene oxide (GO), oxidized single-walled carbon nanohorn (CNHox) is a new class

of carbon-based nanomaterials that is attracting attention as promising materials.!”!8 Carbon



nanohorn (CNH) is a graphitic material consisting of nanometer-sized horns with unique
applicability in biosensor technology,!” bioimaging,?® photodynamic therapy,?! drug delivery?*??
and gas storage.?*?> CNH can be functionalized by carboxylation, oxidation or nitridization and
can be hybridized with different polymeric materials to enhance biocompatibility and water
dispersibility. Introduction of heteroatoms (oxygen or nitrogen) helps adjusting the chemical
properties of CNHox for controlling its reactivity. Typical polymers used for hybridization are
poly(ethylene glycol),?® sugar-based derivatives,”’” and poly(amido amine) (PAMAM)
dendrimers.?® PAMAM dendrimers have a regularly branched three-dimensional spherical
morphology with many voids that can host small molecules, and abundant terminal functional
groups that can help controlling the affinity for various materials. These dendrimers thus offer a
great versatility, a high selectivity and a definite potential for gas storage.?®-° Hybridized
composites with oxygen-doping ability could be applied to oxygen delivery, although this use has
not yet been reported to our knowledge.

Hierarchical composites composed of CNHox, PAMAM dendrimers grafted with
pentafluoropropionic acid (F-DEN) and fluorinated poly(ethylene glycol) (F-PEG) were shown to
load nitric oxide efficiently.?6! Related materials based on acid-treated nitrogen-doped CNH (N-
CNH) are also expected to exhibit oxygen carrying capacity through functionalization by F-DEN
and F-PEG, as demonstrated for nitric oxide.?®*! In this work, the graphitic materials GO, CNHox
and N-CNH were hierarchically functionalized with F-DEN and F-PEG to form various
composites of GO/F-PEG, CNHox/F-PEG, N-CNH/F-PEG, N-CNH/F-DEN and N-CNH/F-
DEN/F-PEG, with the expectation that the assembled systems efficiently increase Oz uptake and
function as novel biocompatible gas reservoir systems. The O> uptake was measured for the
various composites synthesized, and their efficiency was compared. The O; uptake profiles were
analyzed based on the Langmuir adsorption kinetics theory, which allowed determination of
binding site species and oxygen amount on each site. The O releasing profiles are determined by
a thermogravimetric analysis at 37 °C. Finally, the capacity of composites to generate singlet

oxygen was measured by fluorescence spectroscopy.
EXPERIMENTAL

Materials and Methods



Oxidized single-walled carbon nanohorn CNHox was provided by NEC Corporation, Japan.
Ethyl carbodiimide (EDC), N-hydroxysuccinimide (NHS), N,N’-dicyclohexylcarbodiimide
(DCC, 99%), 4-dimethylaminopyridine (DMAP, 99%), and N,N-dimethylformamide (DMF,
>99%) were from ACROS organics, Belgium. Pentafluoropropionic acid (97%) was purchased
from Fluorochem, UK. Hydroxyl- and amine-terminated PAMAM dendrimers (DEN(OH) and
DEN(NHb»), ethylenediamine core, generation 4.0, 10 wt% in methanol) were from Sigma-Aldrich,
USA. GO, F-PEG, F-DEN, and the composites GO/F-PEG, N-CNH, N-CNH/F-DEN, and N-
CNH/F-DEN/F-PEG were the same materials that have been synthesized and characterized in the
previous reports.?®3! Other chemicals were of commercial grade, and all reagents were used
without further purification. Ultrapure water (resistivity of 18.2-MQ cm, Yamato Millipore
WT100, Japan) was used throughout this study.

The characterization of the materials was performed by transmission electron microscopy
(TEM, JEOL-2000 FX II, Japan, 120 kV), scanning electron microscopy (SEM, JSM-6390, Japan,
15 kV) equipped with an energy-dispersive X-ray spectroscopy (EDS) analyzer, atomic force
microscopy (AFM, NanoScope 111, Veeco Digital Instrument, USA, contact mode), dynamic light
scattering (DLS, SZ-100, HORIBA scientific and ELSZ-1000 series, OTSUKA, Japan), X-ray
diffractometry (XRD, D2 Phaser, Bruker, USA), Fourier transform infrared (FT-IR) absorption
spectrometry (Nicolet 6700, Thermo Scientific, USA), ultraviolet (UV)-visible absorption
spectrometry (JASCO V-670, Japan), fluorescence spectrometry (Hitachi-7000, Japan),
thermogravimetry (TGA, TA Q500, USA), Raman scattering (Horiba Jobin Yvon iHR550, Japan)
and X-ray photoelectron spectrometry (XPS, VG Scientific, ESCALAB 250, UK).

Preparation of nanocomposites

GO grafted with the fluorinated dendrimer F-DEN(OH) (GO/F-DEN) was synthesized by
an esterification reaction in DMF as shown in Supporting Information Figure S1A. A
pentafluoropropionic acid solution (10 mM in DMF, 140 pl) was sonicated for 10 min with excess
DCC (10 mM in DMF, 150 pl) and DMAP (10 mM in DMF, 30 pl). To this solution, a DEN(OH)
solution (0.2 wt% in DMF, 10 ml) was added at a DEN(OH):pentafluoropropionic acid molar ratio
of 1:1, and stirred for 1 day at room temperature. Subsequently, after GO (1.2 mg in DMF, 4 ml)
was mixed with excess DCC/DMAP, F-DEN(OH) in DMF (4 ml) was added and stirred for 1 day

at room temperature. The product was washed with DMF and water.



The synthesis of F~-DEN(NH2), achieved with a NHz:pentafluoropropionic acid molar ratio
of 1:1.6, was performed based on an amidation reaction in water. After methanol in a DEN(NH>)
solution (10 wt%, 1.02 g) was evaporated, water (50.9 g) was added to make a DEN(NH>) solution
(0.2 wt%). After an aqueous pentafluoropropionic acid solution (10 mM, 140 ul) was stirred for 1
h with an excess EDC (10 mM in water, 150 pl) and NHS (10 mM in water, 150 ul), an aqueous
DEN(NH>) solution (0.2 wt%, 8 ml) was added and stirred at room temperature for 1 day.
Successively, an aqueous GO suspension (0.3 mg/ml, 2 ml) was mixed with EDC and NHS, and
after stirring for 1 h, an aqueous F-DEN(NHz) solution (2 ml) was added. Then the mixed
suspension was kept under stirring at room temperature for 1 day, and the residue (GO/F-
DEN(NH>)) obtained after centrifugation was rinsed three times with water. GO/F-DEN (0.3
mg/ml, 1 ml) was mixed with F-PEG (in water, 1 ml) at various concentrations and sonicated for
10 min.

The CNHox/F-PEG composite was prepared by dispersing CNHox (12 mg) in water (40 ml)
and sonicating the dispersion for 30 min in a bath sonicator. Equal volumes of CNHox (300 pg/ml)
and F-PEG (24 pg/ml) dispersed in water were mixed and stirred for 24 h. Similarly, N-CNH/F-
DEN (300 pg/ml) and F-PEG (24 pg/ml) in water were mixed and stirred for 24 h. The resulting
dispersion was filtered on a cellulose acetate membrane (200 nm-sized pores), and the residual

slurry was dried at room temperature.
Uptake and release of O

Efficiencies of composites (GO, GO/F-PEG, CNHox, CNHox/F-PEG, N-CNH, N-CNH/F-
DEN and N-CNH/F-DEN/F-PEG) in uptaking and releasing O, were measured by exposing the
materials to air in a closed system. The material (10 mg) was vacuumed for 3 h at 100 °C to remove
the adsorbed molecules and gases. Immediately after the degassing process, the initial weight of
the material was accurately measured by TGA, and air from a cylinder was then filled in the closed
system for 8 h at room temperature under atmospheric pressure. The weight gain of the material
was measured during and after Oz loading. The release profiles of O> from the materials (GO,
GO/F-PEG, CNHox, and CNHox/F-PEG) were examined using TGA after the desorption for 400
min at body temperature (37 °C).

Detection of singlet oxygen generation



After the saturation with O; for 60 min, the composites were utilized to measure singlet oxygen
generated by an LED irradiation (450 nm, 0.08 Wcm). This was achieved using an anthracene
probe that is oxidized by singlet oxygen.3? Anthracene in methanol (20 pg/ml, 1 ml) was mixed
with the test composites at a concentration of 2.5 pg/ml. The fluorescence spectra of the mixtures
at an excitation wavelength (320 nm) of anthracene were recorded before and after 10 min
irradiation with the LED lamp. The emission area intensities were integrated, and the generated

singlet oxygen was calculated using the following equation:

(Io-1¢) V
grad .MWStandard (1)

Singlet oxygen generation =

where M Witandard 1S the molecular weight of anthracene (178.23 g/mole), Iy and I; are the emission
area intensities before and after radiation for 10 min, grad is the gradient of the calibration curve

(ml/mg) and V is the total volume of the test solution (1.5 ml).
RESULTS AND DISCUSSION

Characteristics of GO/F-DEN and GO/F-DEN/F-PEG composites

The GO/F-DEN composite with an OH-terminated PAMAM dendrimer was well dispersed
in water (Figure S1B), by contrast to the composite with NH»-terminated PAMAM dendrimer that
showed poor dispersibility in aqueous media, aggregated and precipitated after 30 min. Figure
S1C shows the IR absorption spectra of the materials. The spectrum of GO exhibited an absorption
band at 1705 cm™! associated to a C=0 (COOH) stretching mode, which was obviously diminished
after esterification with F-DEN, indicating that GO and F-DEN were chemically bound.
Furthermore, GO/ F-DEN showed absorption bands of amide I and amide II vibration modes of
DEN(OH) at 1638 cm! and 1548 cm’!, respectively. Similar variations of IR bands were also
seen for GO/Den(OH). The characteristic bands of C-F, originating from pentafluoropropionic
acid around 1200-1250 ¢cm™! appeared on GO/F-DEN, but not on GO/DEN(OH). EDS analysis
on SEM showed the existence of nitrogen and fluorine elements besides carbon and oxygen in
GO/F-DEN (Figure S1(D)). This result also indicates that F-DEN was successfully bound on GO.

TEM images revealed the flat single sheet shape of GO/F-DEN(OH), similar to GO (Figure
1Aa, b). In addition, AFM images also showed flat sheets for GO and GO/F-DEN (Figure 1Ba,

b), in agreement with TEM images, but their section analyses indicated a difference in height



between the two materials (Figure 1Ca, b): The height of GO/F-DEN sheets (5.34 + 1.00 nm) was
higher than for GO (1.84 + 0.10 nm). This difference might be due to the immobilization of F-
DEN on both sides of the GO sheet. The thickness of GO sheets is comparable to that of graphene
sheets, as estimated by AFM.*3 In this stratified structure, the thickness of the dendrimer layers can
thus be evaluated to be 1.75 nm £ 0.55 nm (see Figure 1Da,b). This value is comparable to the

thickness of a dendrimer lying flat on a surface.>*
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Figure 1 (A) TEM images, (B) AFM images, (C) section analyses of AFM images and (D)
proposed structures of (a) GO, (b) GO/F-DEN and (¢) GO/F-DEN/F-PEG. The blue lines in Figure

C are indicator lines for height measurements.



When the pH of aqueous GO/F-DEN dispersions was changed from the initial value (6-7) to
acidic and alkaline conditions, the average hydrodynamic particle size measured by DLS was
around 362 + 22 nm, being almost independent of pH (Figure S2A). As the hydrodynamic
diameter of GO was 119 nm, in agreement with previous reports,!®-3! the increase in size of GO/F-
DEN indicates successful immobilization of F-DEN on GO.

The zeta potential of GO/F-DEN depended remarkably on the pH of the solution, although
the zeta potential of GO was always negative in the whole range of pH examined (data not shown):
According to results in Figure S2B, net positive charges were obtained in acidic conditions (pH 2
to 5) with the highest zeta potential value at pH 3-4, and negative charges were obtained for pH 6
to 13, the highest value being measured at pH 9-10. These charges resulted from the protonated
tertiary amine of the PAMAM dendrimer and the deprotonated carboxylic acid on GO,
respectively. Then the zeta potential approached zero at pH 5-6, which corresponds to the
isoelectric point. Thus, GO/F-DEN(OH) was stably dispersed in the whole pH region, except for
pH 4-6. Incidentally, although the composite GO/F-DEN(NH>») also displayed an isoelectric point
at pH 5-6, the positive zeta potentials at pH 2-5 were always lower than 20 mV, supporting a lesser
dispersibility for GO/F-DEN(NHb») than for GO/F-DEN(OH) (Figure S2D). For this reason, only
F-DEN(OH) is used in the following, and its notation simplified to F~-DEN.

The morphology of GO/F-DEN/F-PEG was also observed by TEM and AFM, as shown in
Figure 1Ac and 1Bc, respectively. Both images indicated plate-like morphologies, which were
similar to those obtained for GO/F-DEN. Meanwhile, the average height of GO/F-DEN/F-PEG
sheets from the AFM section analysis was 5.36 = 1.00 nm (see Figure 1Cc), which was
comparable to that of GO/F-DEN (5.34 nm). To assess the difference between GO/F-DEN and
GO/F-DEN/F-PEQG, the surface analyses of AFM images were compared, as shown in Figure 2.
The roughnesses of GO/F-DEN and GO/F-DEN/F-PEG were 1-1.5 nm and 2-3 nm, respectively,
although the shape and height of plates formed by two composites were almost similar. This result
points out the adsorption of F-PEG on the surface of GO/F-DEN, driven by the interaction between
F-DEN and F-PEG. That is, the adsorption of F-PEG on the GO/F-DEN surface significantly

impacted the roughness of the material in the dry state (see Figure 1Dc).
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Figure 2 The 3D AFM images (in 1x1 pm?size), magnified images, cross-section analyses, and
proposed models of (A) GO/F-DEN and (B) GO/F-DEN/F-PEG. The yellow lines in cross-section

analyses are indicator lines for height measurements.

Aqueous dispersions of GO/F-DEN/F-PEG were adjusted at different pH and measured by
DLS; their zeta potentials were also acquired. According to Figure S2A, the hydrodynamic mean
size of GO/F-DEN/F-PEG was 300-400 nm in the whole pH region from 2 to 12. The fact that

only a single peak was obtained in the DLS measurement confirmed that F-PEG was adsorbed on

GO/F-DEN (Figure S2C). The mean size was about 50 to 100 nm larger than that of GO/F-DEN,
and this increase may be attributed to the swelling of F-PEG on GO/F-DEN in water. Incidentally,
the lesser increase in the height of GO/F-DEN/F-PEG compared to GO/F-DEN, as measured by
AFM, can be interpreted by lesser or no swelling of F-PEG on GO/F-DEN in dry conditions.

As F-PEG contains a PEG chain, a short alkyl chain and a fluoroalkyl chain, this amphiphilic
molecule can form self-assemblies when dispersed in water. The DLS measurement of F-PEG
aqueous dispersions revealed a bimodal distribution centered on 80-180 nm and 1200-2200 nm at
a concentration range of 5-220 nM (see Figure S2E), suggesting the coexistence of monomers and
aggregates of F-PEG. However, the DLS profiles of aqueous GO/F-PEG dispersions displayed

only a single peak at around 200-300 nm for various concentrations of composites. This indicates



that F-PEG is preferentially adsorbed on the GO surface rather than forming self-assemblies, and
that GO/F-PEG constitutes a stable arrangement in aqueous media as illustrated in Figure S2F.
The perfluorinated moiety of /-PEG may adsorb close to the graphitic domains of GO in GO/F-
PEG, since both are hydrophobic, but the adsorption of F-PEG occurred through
hydrophobic/oleophobic interactions with the perfluorinated moiety of F-DEN in the case of
GO/F-DEN/F-PEG (Figure S2C).

The zeta potential of GO/F-DEN/F-PEG exhibited positive charges at pH 2-6, and negative
charges at pH 6-13 (see Figure S2B). Moreover, the values of zeta potential were quite high (with
an absolute value higher than 30 mV) at most pH except for pH 5.5 ~ 6, which corresponds to the
isoelectric point. Thus, it can be concluded that the GO/F-DEN/F-PEG composite exhibits high
stability in aqueous media at most pH values. These behaviors were almost similar to those of
GO/F-DEN, because the electrokinetic phenomenon mainly occurred from the charged GO and
DEN but was not influenced by nonionic F-PEG, although the isoelectric point was slightly shifted
to higher pH and the zeta potential was shifted to negative values after the adsorption of F-PEG.

Characterization of CNHox/F-PEG Composites

The morphologies and particle size distributions of CNHox and CNHox/F-PEG composites
were investigated using TEM and DLS. As presented in Figure 3A, CNH appeared as spheroidal
particles with diameters lower than 100 nm,?® and the CNHox/F-PEG composite presented a
comparable spherical structure. However, while CNHox presented a hydrodynamic mean size of
138 nm, the adsorption of F-PEG on CNHox caused a significant increase in the mean size (200
nm). The size variation of the composite from pristine CNHox indicates that F-PEG is bound on
CNHox by favored hydrophobic/oleophobic interactions, as observed for GO/F-PEG. The result
excludes the coexistence of isolated F-PEG aggregates and CNHox.3!

The presence of F-PEG in the CNHox/F-PEG material was assessed by an FT-IR absorption
spectroscopy as presented in Figure 3B. The FT-IR absorption bands of F-PEG are ascribed to O-
H (H0) stretching (3430 cm!), alkane CH> stretching (2910 cm™), O-H (H20) bending (1640
cm ), CH; scissoring (1460 cm™), CH> wagging (1350 cm™), CH» twisting (1258 cm™!), C-F
stretching (1110 cm™) and C-O-C stretching (949 ¢cm™) vibration modes.?! An FT-IR spectrum
of CNHox showed O-H stretching (3440 cm!), CH, antisymmetric and symmetric stretching
(2920 cm™! and 2860 cm™!, respectively), C=0 stretching (1730 cm™), C=C stretching (1590 cm'!),
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C-C stretching (1380 cm™!), and C-O-C stretching (1120 cm™) bands.?® The spectrum of CNHox/F-
PEG composite exhibited all the FT-IR bands of each component, confirming the coexistence of

both components in the material.
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Figure 3 (A) TEM images and DLS results (insets) of CNHox and CNHox/F-PEG. (B) FT-IR
absorption spectra and (C) Raman spectra of F-PEG, CNHox and CNHox/F-PEG. (D) UV-visible
absorption spectra for aqueous solutions of F-PEG (24 mg/l), CNHox (20 mg/l), CNHox/F-PEG
(CNHox:F-PEG weight ratio of 25:24) and N-CNH/F-DEN/F-PEG (25:24 wight ratio of N-
CNH/F-DEN:F-PEG). (E) TGA of CNHox and CNHox/F-PEG.

The Raman spectra of F-PEG, CNHox, and CNHox/F-PEG are presented in Figure 3C. The
alkyl chain of F-PEG vibrated at 2938, 2883 and 2847 cm™!. The scissoring, wagging and twisting
vibration modes of CHz bonds appeared at 1470 cm’!, 1271 cm™!, and 1132 ¢cm™!, respectively, and
additionally a C-O-C stretching vibration mode was seen at 1057 cm™!. The bands at 1224 and 835
cm’! were assigned to the C-F stretching and carbon skeleton vibration modes of F-PEG. On the
other hand, CNHox displayed a D band at 1331 cm’!, G band at 1565 cm™!,3! and 2D and 1D bands
at 2662 and 2904 cm!, respectively.>> Though the corresponding bands of CNHox/F-PEG
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composite were observed at 1313, 1575, 2666 and 2910 cm™!, the coexistence of F-PEG with
CNHox was not evidenced from the Raman spectra because Raman bands of F-PEG were not
detected due to the relatively weak band intensity of F-PEG, despite the fact that such confirmation
was obtained by FT-IR spectra, as described above.

To study the CNHox/F-PEG composite, the UV-visible absorption spectra were measured in
water. As presented in Figure 3D, a band at 267 nm assigned to the 7-7* electronic transition was
observed in the spectrum of CNHox. Although the hybridization of F-PEG on CNHox did not
change this band position, the absorbance was increased due to the improved dispersibility. The
absorption spectrum of N-CNH/F-DEN/F-PEG also slightly showed intensified absorbance
without wavelength variation, indicating less influence of F-DEN and N-CNH.

The thermal stability of CNHox and CNHox/F-PEG was examined by TGA under air flow. As
shown in Figure 3E, the thermogram of CNHox revealed a loss of 3% in mass below 100 °C
assigned to the removal of adsorbed water and other small molecules. The first small (4%)
decomposition of CNHox occurred below 420 °C and the additional decomposition of about 9%
was observed below 530 °C. The main decomposition appeared below 720°C with a loss of 77%
of the total mass. The remaining 7% mass from graphitic impurities was burnt from 720°C to
785°C.3¢ CNHox/F-PEG showed a similar four-step decomposition process despite the presence
of F-PEG. The weight loss of CNHox/F-PEG was 2% below 100 °C, 16 % below 420 °C, 74%
below 630 °C, and 8% below 710 °C. Thus, the presence of F-PEG induced a decrease (by about
65°C) of the decomposition temperature.

XRD patterns of F~-PEG, CNHox and CNHox/F-PEG were measured to get the information on
the crystalline structure of composites. As presented in Figure 4A, F-PEG showed the monoclinic
crystalline structure (JPCDS No 52-2279) with major peaks at 19.05° (120) and 23.3° (131), and
minor peaks at 14.69° (021) and 26.18° (224).3' The XRD pattern of CNHox exhibited a main
peak at 26.04° and a minor peak at 43.00° indexed at (002) and (100), respectively, for the
orthorhombic crystalline structure (JPCDS No 51-2219).26 However, CNHox/F-PEG showed the
orthorhombic crystalline structure (JPCDS No 43-1951) with peaks at 25.99° (002) and 44.85°
(100), reflecting the crystal structure of CNHox, but the peaks reflecting the F-PEG crystal
structure were not found because F-PEG bound on CNHox gave rise to its crystallographic

variation.
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Figure 4 (A) XRD patterns of F-PEG, CNHox, and CNHox/F-PEG. (B) XRD patterns of GO/F-
PEG and CNHox/F-PEG in the presence or absence of O doping.

O Uptake and Adsorption Kinetics Analysis

The efficiency of materials to load O was measured by exposing them for 8 h to air filled in a
closed system. Figure SA presents the O uptake kinetics by the various materials. The O; loaded
in materials initially increased with the time of exposure to air and then reached the saturation. As
presented in Figure SA(a), the maximum amount of oxygen uptake at 24 h by CNHox, CNHox/F-
PEG, GO and GO/F-PEG was 26.6 £2.7, 58.6 4.0, 30.1 £ 2.6, and 54.6 + 4.2 mg/g, respectively.
These results indicate that CNHox and GO uptake a similar amount of Oz because of their similar
graphitic structure. However, when the materials were coated by F-PEG, the uptake almost
doubled for both graphitic composites because of the presence of the oxygen-adsorbing moiety of

fluorinated PEG.
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Figure 5 (A) O2 uptake in (a) GO, GO/F-PEG, CNHox, CNHox/F-PEG and (b) N-CNH, N-
CNH/F-PEG, N-CNH/F-DEN, and N-CNH/F-DEN/F-PEG. (B) Computer simulation based on a
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multi-site Langmuir adsorption kinetics model for oxygen adsorption on 1, 2, 3, and 4 sites for (a)
GO, (b) CNHox, (c) N-CNH, (d) GO/F-PEG, (e) CNHox/F-PEG, (f) N-CNH/F-PEG, (g) N-CNH/
F-DEN and (h) N-CNH/F-DEN/F-PEG. Green lines indicate the summation of oxygen adsorption

on each site in comparison with the observed data.

In a similar way, the O2 uptake efficiencies of N-CNH (37.4 + 2.9 mg/g), N-CNH/F-DEN
(52.4+4.5 mg/g), N-CNH/F-PEG (59.2 + 7.7 mg/g), and N-CNH/F-DEN/F-PEG (79.2 £ 5.7 mg/g)
were obtained for 48 h, as displayed in Figure SA(b). The nitrogen doping in CNHox could
provide oxygen binding sites and resulted in a higher O; uptake efficiency by N-CNH as compared
with CNHox. Both N-CNH/F-DEN and N-CNH/F-PEG composites showed higher O, uptakes
than N-CNH. N-CNH/F-DEN/F-PEG revealed the highest O> uptake efficiency and was found
superior to the other materials. These efficiencies originate from a combination of features: the

3738 gpecific interaction

large cavity of the dendrimers susceptible to encapsulate small molecules,
of oxygen to tertiary amine in PAMAM dendrimers.*® The interior void space within the PAMAM
dendrimer component is important for storing oxygen. It is noteworthy that this interior void space
is only available when the dendrimer possesses symmetrical branch cells. In contrast, Denkwalter-
type dendrimers derived from asymmetrical branch cells do not exhibit interior void space and
hence lack the ability to encapsulate guest molecules.*® O»-dissolving property of F-PEG® and
affinity of oxygen to ether groups in PEG. Additionally, the void volume and the interstitial
nanospaces constructed in the hierarchical structure consisting of hydrophobic graphitic carbon,
hydrophilic dendrimer, oleophobic perfluorocarbons and hydrophilic PEG also increase the O:
storage efficiency of composites.

The time dependent O; uptake profiles in Figure 5(B) exhibited a Langmuir monolayer-type
adsorption kinetics.?’ Thus, the oxygen adsorption kinetics and mechanism on materials can be
interpreted using the principles of Langmuir monolayer adsorption theory.?® As the materials are
constructed by multiple components, the adsorption of oxygen likely happens on multiple
adsorption sites. Thus, a single site adsorption model is not pertinent for the present materials, and
multiple binding site models must be applied. If multiple adsorption sites are independent, a
Langmuir adsorption kinetics equation can be described as a sum of a kinetics equation at each

binding site, that is,*
WO;=ZWiOz00 {1 - eXp(‘Ki obs t)} (2)

15



where WO is the total adsorbed amount of oxygen at adsorption time t, WOz is the adsorbed
amount of oxygen at t = e on adsorption site i (= 1 to 1), and Kj obs is the rate constant in the
adsorption site i. Assuming the number of adsorption sites on materials, oxygen uptake results
presented in Figure 5B can be analyzed by a computer simulation based on a Langmuir adsorption
monolayer equation for multiple binding sites as described in Eq 2.

Th oxygen adsorption kinetics of the various composites were computed, and the results of
simulation were compared to the experimental data (Figure SB). The calculated parameters are
listed in Table 1. Although GO, CNHox and N-CNH are composed of a single substance, the
fitting using a one-site equation was not adequate, and a two-site equation had to be applied. On
GO, CNHox and N-CNH, the monolayer formation on the site 1 started together with the beginning
of the adsorption process and reached saturation at an earlier time stage (5-10 h). Moreover, WO
of site 1 was approximately similar (~20 mg/g) for the three materials. This site is thus expected
to be the graphitic structure of the carbon materials, where O adsorbs by van der Waals attraction.
The adsorption on site 2 starts about 2-5 h after the beginning of adsorption on site 1, and its WOee
was increased in the following sequence: CNHox < GO < N-CNH. This result can be explained
by the difference of functional binding sites in the graphitic carbons investigated. CNHox has
fewer binding sites (only C=0) but GO was acid-treated and thus possesses functional carboxylic
acid, ether, and hydroxyl groups besides ketone. Since nitrogen-containing moieties were
introduced in N-CNH after acid-treatment, N-CNH has more active attraction sites for oxygen than
GO.

The O; uptake profiles of GO/F-PEG, CNHox/F-PEG and N-CNH/F-PEG composites
were best fitted using a three-site equation. The adsorption profiles of oxygen at sites 1 and 2 were
almost similar to those of GO, CNHox and N-CNH, although their kinetics started after 2-5 h and
5-8 h, respectively. Since the adsorption on site 3 started soon after the beginning of the adsorption
process, this site should be located on F-PEG. The oxygen uptake on site 3 was superior to those
on sites 1 and 2 because of the location of F-PEG in the composite outer shell where O, molecules
are first adsorbed. The delay in the start time of adsorption on sites 1 and 2 might be due to the
diffusion time of Ox to the graphitic carbon through the F-PEG shell layer. Since F-PEG coats the
external surfaces of GO, CNHox and N-CNH, a fast adsorption may occur on /-PEG and the slow
diffusion of O should arise with time toward the graphitic carbon cores with sites 1 and 2. The

fitting curve for N-CNH/F-DEN indicates that the O adsorption occurred at two sites on N-CNH
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and one site on F-DEN. The behavior in Figure5SB(g) resembles to cases illustrated in Figure SB(d,
e & f). That is, F-DEN, which forms an outer shell, provides a site onto which oxygen is rapidly
adsorbed. A similar trend was confirmed for N-CNH/F-DEN/F-PEG. The fitting curves of N-
CNH/F-DEN/F-PEG indicated four sites, which can be assigned to F-PEG, F-DEN, the graphitic
structure, and the functional groups on the graphitic structures. O> adsorbed first on F-PEG and

successively diffused to the other sites.

Table 1. Parameters obtained from computer simulation for O> uptake curves using a multi-site

Langmuir adsorption kinetics equation.

Binding site site 1 site 2 site 3 site 4
Carrier W10z Kiobs  W2020  Koobs Wi020  Ksobs W02 oo Kaobs 12
(mg/g) (b (mg/g) (b)) (mg/g) () (mg/g) ()

GO 22.66 0.401 7.49 0.298 0.996
CNHox 21.11 0.900 5.40 0.367 0.998
N-CNH 21.11 0.483 16.31 0.201 0.998
GO/F-PEG 22.66 0.401 7.49 0.298 24.47 0.782 0.996
CNHox/F-PEG 21.11 0.900 5.40 0.367 32.02 0.501 0.997
N-CNH/F-PEG 21.11 0.483 8.34 0.201 29.61 0.309 0.995
N-CNH/F-DEN 19.06 0.213 7.49 0.121 25.89  0.303 0.997

N-CNH/F-DEN/F-PEG ~ 19.06 0.213 5.49 0.121 28.77 0.417 25.89 0303 0.996

Graphene GO GO/F-DEN GOAF -DEN/F-PEG

O2

Site 1 Site 1 — site 2 Site 4 — site 1 — site 2 Site 3 — site 4 — site 1 — site 2
Site 1 : graphitic structure Site 2 : Hydrophilic group Site 4 : F-DEN Site 3 : F-PEG
0, o N O,
\ o Oz,
/‘«”/ R o °
4 T e e o
—) L J . ° "., ®
1 ~ o °
0.0 £08 02\
CNHox N-CNH N-CNH/F-DEN N-CNH/F-DEN/F-PEG

Figure 6 Schematic illustration of Oz adsorption on GO/F-DEN/F-PEG and N-CNH/F-DEN/F-
PEG.
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From the above analysis, four binding sites of O, adsorption were identified in the materials.

Although the O adsorption on functional groups was low (5.4-8.3 mg/g), except for N-CNH, the

other sites (graphitic carbons, F-PEG, and F-DEN) displayed comparably high oxygen uptake

capacity (19-32 mg/g), although their kinetic constants were dependent on both materials and sites.

Thus, Oz adsorbed almost evenly on functional graphitic carbon, F-PEG and F-DEN in composites

and the kinetic constants were also reasonable. The peculiarity of composites in this study is the

multistep adsorption of oxygen: the oxygen first being adsorbed in the outer shell and penetrated

into the inner shell or interior core after a delay of 10-30 h. Figure 6 illustrates adsorption sites

and adsorption processes of O in materials. This behavior may be ascribable to the hierarchical

structure of nanocomposites.
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Figure 7 XPS survey spectra of GO/F-PEG, Oz-doped GO/F-PEG, CNHox/F-PEG and O-doped
CNHox/F-PEG and their elemental deconvolution spectra of C 1s, Ols, N Is and F 1s.
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The XPS of GO/F-PEG and CNHox/F-PEG was investigated before and after O> loading to
study the effects on chemical composition. The survey scans, fine analyses and deconvolution
peaks are shown in Figure 7. The survey scan displayed peaks of C 1s, N Is, O 1s, and F 1s, which
came from F-PEG, GO or CNHox. GO/F-PEG showed deconvoluted C 1s species of aromatic
(CC), carboxylic acid (COOH), ketone (C=0), phenol (C-OH), alkyl (CH>) and carbon-fluorine
(C-F) species attributed to GO and F-PEG. O 1s fine analysis showed chemical species of ketone
(C=0), carboxylic acid (C=0 and OH) and phenol (OH) from GO and ether (COC) from F-PEG.
The C=0 and C-O bonds of ester showed similar binding energies. The composite GO/F-PEG also
showed additional F 1s peaks originated from the fluorinated moiety (CF, and CF3) of F-PEG.!

C 1s of CNHox/F-PEG exhibited aromatic (CC), ketone (C=0), alkyl (CH2), and carbon-
fluorine (C-F), which were ascribed to F-PEG and CNHox. O 1s fine analysis displayed chemical
species of ketone (C=0) from CNHox, and ether (COC) and ester (C=0O and C-O) from F-PEG.
The F 1s peaks originated from CF> and CF3 of F-PEG. As shown in Table S1, the binding energies
and area intensities of deconvoluted peaks from GO/F-PEG and CNHox/F-PEG did not change
after Oz-loading, indicating that there is no influence on the chemical natures of the composites.
However, it was clearly displayed that both GO/F-PEG and CNHox/F-PEG showed molecular
oxygen (O2) at 530.5 eV after Oy loading. The existence of these new peaks in Oz-loaded
composites confirms the uptake of oxygen as O, molecules in composites.*!**3 Although air was
used in this study, N 1s was negligible in the Oz-doped composites. These results indicate that N
gas was not trapped in composites.

To study the effects of O, adsorption on the crystalline structure of composites, XRD
measurements were conducted. The XRD patterns of GO/F-PEG and CNHox/F-PEG before and
after O, uptake are presented in Figure 4B. The (001) diffraction peak of GO/F-PEG shifted from
its original position 10.69° to 9.29° after the O2 uptake. This variation indicates an increase of the
graphene sheet interdistance from 0.83 nm to 0.95 nm. The adsorption of O; in GO/F-PEG
composite caused the interlayer expansion of graphene sheets due to the adsorption-induced
deformation effect. In the same way, the major (002) and minor (100) peaks of CNHox/F-PEG
changed from 25.99° to 25.74° and from 44.85° to 42.57°. However, since these angle changes
corresponded to distance variations from 0.34 nm to 0.35 nm and from 0.20 nm to 0.21nm,

respectively, indicating that the the crystallographic modification of CNHox is negligibly small.
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The distance between graphene sheets in GO/F-PEG was expanded by 0.12 nm due to the
intercalation of O,. This variation is comparable to the 0.31 nm expansion of the interlayer distance
of GO caused by the NO uptake.’! However, since the orthorhombic crystallographic structure of
CNHox in CNHox/F-PEG was not changed, oxygen should be adsorbed on the single wall surface
or in the interior of the CNHox structure and additionally in a /-PEG domain of the CNHox/F-
PEG composite. It was clearly shown that the self-assembled structure of GO/F-PEG was
expanded due to the adsorption-induced deformation effect of O,, but CNHox/F-PEG was not

affected due to the single-walled structure of CNHox.

O: release and singlet oxygen generation studies

For O to be useful in the cellular function, its release from composites must be well-controlled
and slow. After saturation of carriers with O, the amount of oxygen released was determined by
TGA at 37 °C. As seen in Figure 8, an initial decrease of weight loss happened within 20 min for
GO and GO/F-PEG and within 10 min for CNHox and CNHox/F-PEG. For all carriers, however,
the high amount (> 90%) of oxygen remained without release. After this initial weight loss, no
additional weight loss was observed until 400 min. However, the O, release from carriers
decreased in the order of GO > GO/F-PEG > CNHox > CNHox/F-PEG, although the O uptake
was CNHox < GO << GO/F-PEG < CNHox/F-PEG. Thus, the O release was faster from GO than
for CNHox and for the composites coated with /-PEG. These trends can depend on the number of
binding sites and the interaction of oxygen with these binding sites.

Singlet oxygen radical 'O, generates by the nanocomposites after LED irradiation. Then, a
triplet-state photosensitizer (°T1), which was excited by light adsorption, transfers energy to a
ground state oxygen (°02). A singlet oxygen ('O2) is thus generated, and an energy-lost
photosensitizer comes down a ground-state ('So). Thus, singlet oxygen generation was evaluated
using an anthracene probe.>* As shown in Table 2, the 'O, generation was the lowest for GO.
Acid-treated CNH generated more 'O, than CNHox, and the production was further increased after
N-loading. The addition of F-DEN on GO and N-CNH increased the 'O, generation, and further
addition of F-PEG further increased it. Moreover, the tendency for 'O, production is in proportion
to the O uptake in carriers except for GO (Figure 5A). The 'O, production capabilities have been
reported for different generators using different detection techniques, such as UV-visible

28,32,46-48

absorption spectroscopy,® fluorescence, and electron paramagnetic resonance.*’
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Moreover, its quantitative evaluation depended on the evaluation technology. Then singlet oxygen
production was mainly expressed using singlet oxygen quantum yields?®**® or using singlet

oxygen generation values?-2

obtained from fluorescence data. The latter values calculated using
equation (1) increased in the order of Au nanoparticle (AuNP) < Fe;OsNP@carbon dot (Cdot) <
AuNP/FesOsNP@Cdot <  porphyrin  derivative ~ (TCPP) <  AuNP/TCPP <
AuNP/Fe3;04sNP@Cdot/TCPP and with their concentration. Thus, the highest value (20
mmol/g(material)) was obtained for AuNP/Fes;OsNP@Cdot/TCPP at 10 pg/ml concentration.?®
This value was smaller than the current CNH-based generators. It is noteworthy that this value is
smaller than those reported for the CNH-based nanocomposites of the present work. These results
indicate that the O:-loaded nanocomposites and, particularly, the composites containing

fluorinated moieties could be used for photodynamic therapy, in which the efficiency depends on

the amount of O; loaded.
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Figure 8. O> release profiles from Oz-loaded GO, GO/F-PEG, CNHox, and CNHox/F-PEG after

O: loading at different durations.

Table 2 Singlet oxygen generation and oxygen uptake for the various nanocomposites.

Material Generated 1Q2 oxygen uptake at 24 h
(mmol/g(material)) (mg/g(material))

GO 89+0.3 30.1£2.6
N-GO/F-DEN 164+25
CNHox 143+£3.5

CNH 20.0+£23 26.6+2.7

N-CNH 254+1.1 37.4£2.9

N-CNH/F-DEN 27.8+£2.3 52.444.5

N-CNH/F-DEN/F-PEG 449+0.3 79.2+5.7

CONCLUSIONS

Various graphene oxide- or carbon nanohorn-based nanomaterials (GO, CNH, CNHOx, N-
CNH) and assembled nanocomposites that also comprise dendrimers and pegylated
perfluoroalkylated components (GO/F-PEG, CNH/F-PEG, N-CNH/F-PEG, N-CNH/F-DEN, and
N-CNH/F-DEN/F-PEG) were prepared and investigated as potential O2 reservoir materials. It is
important to note that all the various components of the hierarchical structures are linked by
chemical bonding, except F-PEG, which is physically adsorbed on the nanomaterials. In addition
to the van der Waals attraction to O» developed by graphitic materials, the hydrophilic functional
groups present at their surface is expected to interact electrostatically and through hydrogen
bonding with oxygen. The PAMAM dendrimer has enough void volume to encapsulate small
molecules®” and F-PEG derivatives have proven significant O, carrying capacity.>® Especially,
perfluorocarbon domains formed by F-DEN and F-PEG offer hydro- and oleo-phobic domains
that are prone to accommodate Oa. Thus, the hierarchical structures considered here that consist of
differently functionalized components could offer a high O> storage efficiency. It was shown that
the O, uptake efficiency strongly depended on materials. It increased for acid-treating and N-
doping in the CNHox nanomaterial, due to the resultant increase in functional group number,
which provide oxygen- and nitrogen-based binding sites for O,. These materials show similar
adsorption profiles reflecting O, adsorption on binding sites. The O, uptake efficiency was further
enhanced in the F-PEG and/or F-DEN-grafted nanocomposites GO/F-PEG, CNHox/F-PEG, N-
CNH/F-PEG, and N-CNH/F-DEN. The ternary composite N-CNH/F-DEN/F-PEG that combines
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two fluorinated moieties provided the ultimate in terms of O2 loading. Three steps were identified
by the adsorption kinetics analysis when F-PEG or F-DEN domains are present. O adsorbs first
on the outer shell, then additional Oz penetrates the inner shell and finally reaches the carbonaceous
core in a nanocomposite. It is likely that the hydro- and oleophobic interactions developed by the
perfluorinated chains in /-DEN and F-PEG create domains particularly prone to solubilize Oo.
One characteristic of the present composites is their hierarchical structures, in which each
component species additively contributes to improve the Oz adsorption capacity. All O release
profiles show an initial rapid but limited release, while most of the O, remains entrapped for long
periods of time (at least 400 min). The presence of the perfluorinated moieties prolongs the release
of Oz, which is advantageous when sustained delivery is required. The O, uptake/release behavior
of the present composites differs markedly from the case of nitric oxide gas from related
composites.?%3! Although the uptake of O, in the composites was lower than that of NO, the
amount of O3 release is limited to 10% maximum, while the amount of NO is faster and total due
to the propensity to oxidization in NO». Similarly, N2 coexisting in air may not be reserved because
of no specific binding site for this inert gas in nanocomposites. On the other hands, CO> gas on
nitrogen-based binding sites may inhibit the Oz adsorption since CO; easy binds on nitrogen-based
binding sites in carbon material and dendrimer.*® Finally, it was shown that the nanocomposites
can serve as oxygen reservoirs from which singlet 'O, can be produced under LED irradiation.
Altogether, this study suggests that such nanocomposites could be used for tissue oxygenation and

singlet oxygen generation, which has potential in oxygen-dependent cancer therapies.
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