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ABSTRACT

A novel kind of three-dimensional (3D) nanographene based on a triptycene structure bearing three hexa-peri-hexabenzocoronene (HBC) moieties
was synthesized efficiently from triiodotriptycene. With the characteristic of intrinsic fluorescence, the 3D nanographene was used as a
fluorescent agent for in vitro and in vivo fluorescence imaging with good antiphotobleaching ability and little toxicity.

Hexa-peri-hexabenzocoronene (HBC) and its derivatives,
namely nanographenes,'* have recently attracted great
interest because they are recognized as promising building
blocks for organic nanoelectronic and photovoltaic devices
with their large sr-systems and strong assembly abilities. So
far, various devices based on nanographene molecules with
different structures and functionalities have been well devel-
oped by organic synthetic or supramolecular protocols,
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such as Aida’s nanotubes,” Li’s graphene quantum dots,*
and Miillen’s graphene nanoribbons and large graphenes.>’
These HBC-based building blocks are all planar structures.
Although three-dimensional (3D) structures might afford
nanographenes, with new opportunities to improve their
properties to reduce the face-to-face interaction between
m-planes and increase their solubility like other organic
materials,® no such molecules have hitherto been reported.
Moreover, as a consequence of the difficulty of water
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solubilization, the biological applications of HBCs have
remained largely unexplored, especially in fluorescence
imaging.” In this area, the problem of photobleaching for
fluorescent agents has become a great obstacle. Although
some antiphotobleaching fluorescent agents such as quan-
tum dots have been successfully developed, the potential
toxicity of heavy metals has greatly limited their biomedi-
cal applications. Searching for fluorescence imaging agents
with high stability and little toxicity is still a challenge.”

Scheme 1. Synthesis of 3D Nanographene 1
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Triptycenes, with unique three-dimensional rigid frame-
works, have more applications in materials science’'® and
molecular machines.!' Recently, we'? utilized the useful
building blocks to construct novel hosts and subsequently
develop a series of new supramolecular systems. Herein,
we describe the synthesis of triptycene derived three-
dimensional nanographene 1, which bears three HBC moi-
eties in the triptycene three-dimensional scaffold. With the
characteristic of intrinsic fluorescence, the three-dimensional
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nanographene aqueous nanopaticles can be prepared for
fluorescence imaging with little cytotoxicity. Moreover,
the 3D nanographene displayed good antiphotobleaching
ability compared to other commercial fluorescent agents
such as LysoTracker Green. These results encourage further
studies of our 3D nanographene for biomedical applications
like graphene. "

Synthesis of the 3D nanographenes is outlined in Scheme 1.
Starting from triiodotriptycene 2,'* its palladium-catalyzed
Sonogashira coupling reaction with ferz-butylphenylace-
tylene in the presence of Pd(PPhs), Cul, and NEt; af-
forded triethynylation product 3 in good yield, which
was then subjected to a Diels—Alder reaction with tetra-
tert-butylphenylcyclopentadienone'” to result in the poly-
phenylene dendritic precursor 4 in 43% yield. Oxidative
cyclization of 4 with FeCl;/MeNO, in CH,Cl, resulted in
the formation of 3D nanographene 1 as a pale yellow solid
in 87% yield.

In the "H NMR spectrum of 1, two sharp singlet signals
appeared at 6 8.26 and 8.91 ppm for the two methenyl
protons (Ha and Hb) of the triptycene scaffold, which were
assigned by 2D C—H COSY analysis (Figure S7). The
formation of 3D nanographenes was furthermore con-
firmed by the MALDI-TOF mass spectrum.'® As shown
in Figure S8, the mass spectrum of 1 revealed a peak at m/z
2429 for M. Comparison of the MALDI-TOF spectrum
of the 3D nanographene with that of its precursor 4 (Figure
S9) indicated the elimination of 36 hydrogen atoms during
the Scholl oxidative condensation reactions occurred,
which is consistent with the differences between the mole-
cular formulas of 3D nanographene (C;ggH;70) and its pre-
cursor 4 (C;gsHoo6). The infrared vibrational spectra showed
more simple absorption peaks in this range of the aromatic
C—H out-of-plane bending vibration (650—950 cm™') of 1
compared with 4, which afforded further evidence of the
formation of 3D nanographene (Figure $10).*® The ab-
sorption and emission spectra of the 3D nanographene
were obtained in dichloromethane solution. When 1 was
excited at 364nm (¢ = 3.05 x 10°M ' cm ™!, 298 K), the
emission wavelength at 470, 490, and 500 nm with a
fluorescent quantum yield of 12.8% was observed
(Figures S11 and S12).

To direct the biological application of our 3D nanogra-
phene, water solubilization is necessary. Adding the THF
solution of 1 to a water containing poly(ethylene glycol)-
block-poly(propylyene glycol)-block-poly(ethylene glycol)
(pluronic F68) nonionic surfactant could prepare the aque-
ous nanoparticles of 1 after removing THF by rotary
evaporation (Figure 1a)."” For the aqueous nanoparticles
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with a concentration of 5 ug/mL, dynamic light scattering
analysis displayed that the hydrodynamic size of these
nanoparticles was maintained at 100 nm as shown in
Figure 1b. The UV spectrum of the nanoparticles dis-
played the maximal absorption peak at 364 nm, which is
similar to their dichlormethane solution. Excitation of the
nanoparticles (5 ug/mL) in water at 364 nm resulted in a
fluorescence emission at475 and 504 nm with a shoulder at
557 nm (Figure 1¢). Figure 1d shows a typical transmission
electron micrograph (TEM) image of 3D nanographene
nanoparticles with a size distribution of 40—50 nm.

With the characteristic of intrinsic fluorescence, the
aqueous nanoparticles of 3D nanographene could be used
as a fluorescent agent for cellular imaging with green
fluorescence, as well as red fluorescence for human hepa-
tocellular carcinoma HepG2 cells after 6 h of incubation
with a concentration of 5 ug/mL (Figure S13). To further
determine the cellular uptake process, the cellular imaging
experiments were performed for human ovarian cell line
A2780 and mouse leukemic monocyte macrophage cell line
RAW264.7 using an Andor Revolution spinnig disk con-
focal microscope when the cells were treated with aqueous
nanoparticles (5 ug/mL) for multiple time points (i.e., 1, 3,
and 6 h). As shown in Figure 2a, 3D nanographene
nanoparticles can be readily detected in both A2780 and
RAW267.4 cells after 1 h of incubation. As time went on,
the fluorescence intensity increased and more nanoparticles
were internalized into the cells. To examine the potential
for in vivo imaging, subcutaneous injection of 3D nano-
graphene 1 (20 uL aliquots, 0.1 mg/mL) into the left flank
of a nude mouse was administered. The signals were clearly
observed when the mouse was imaged in a fluorescence
mode (green fluorescent protein (GFP) excitation filter,
445—490 nm and dsRed emission filter, 570—650 nm)
without any skin autofluorescence (Figure 2b). We next
examined the biodistribution of 3D nanographene 1 after
intravenous injection (100 uL aliquots, 0.1 mg/mL). The
results showed that 3D nanographene 1 mainly accumu-
lated in the liver (Figure 2c¢).

For fluorescence imaging agents, the shortcoming of
photobleaching greatly limits their biomedical application.
To examine the intracellular photostability of 3D nano-
graphene 1, HepG?2 cells were incubated with either the
commonly used LysoTracker Green or 3D nanographene
1 for 1 h and were imaged over time during continuous
excitation under a confocal microscope. At the zero time
point, the fluorescence intensities of LysoTracker Green
and 3D nanographene 1 were similar. After approximately
6 min of irradiation, the LysoTracker Green signal was
almost completely photobleached, while the signal of 3D
nanographene 1 was still readily detected (Figures 3 and
S14). Furthermore, the cytotoxicity of 3D nanographene 1
was evaluated by the 3-(4, S5-dimethyl-2-thiazolyl)-2,
S-diphenyltetrazolium bromide (MTT) assay in A2780 and
RAW264.7 cells. As shown in Figure S15, 3D nanogra-
phene 1 induced time- and concentration-dependent cyto-
toxicity; it only induced a less than 10% reduction in cell
viability for A2780 and RAW264.7 cells, even at a con-
centration of 20 ug/mL for 6 h.
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Figure 1.(a) Photographs under daylight (left) and under
UV light (right), (b) hydrodynamic size with concentration of
5 ug/mL, (c) UV (blue line) and fluorescent (red line) spectra,
and (d) TEM image of 3D nanographene nanoparticles.
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Figure 2. (a) In vitro cellular imaging with 3D nanographene
nanoparticles in A2780 and RAW264.7 cells after 1 h,3and 6 h
incubation. Scale bar: 50 um. (b) In vivo fluorescence image of
3D nanographene nanoparticles (20 uL of 0.1 mg/mL) injected
subcutaneously on the left flank of a mouse. (¢) Fluorescence
images showing the biodistribution of 3D nanographene nano-
particles in a mouse 1 h after injection. K, Lu, Sp, Li and H
indicate kidney, lung, spleen, liver and heart, respectively.
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Figure 3. In vitro photostability after incubation with either
LysoTracker Green or 3D nanographene nanoparticles in
HepG?2 cells. Scale bar: 50 um.

In conclusion, we have synthesized a novel 3D nano-
graphene 1 based on a triptycene scaffold and charac-
terized its structure by NMR, MALDI-TOF MS, UV,
fluorescence, and IR spectra. With its intrinsic fluores-
cence, 3D nanographene 1 can be employed for in vitro and
in vivo fluorescence imaging, upon functionalization by a

nonionic surfactant to provide water dispersal and low
toxicity. Much can be done in the future to load some
anticancer drugs in the expanded “internal molecular free
volume” of triptycene which can be used as a multifunc-
tional theranostic platform for cancer treatment.
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