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Over the past decades, one-dimensional (1D) nanoscale
materials-based optics and optoelectronics have been con-

sidered valuable for potential applications in modern imaging
techniques that utilize novel fluorescent tags for the analysis of
atomic scale objects and visualization of single cells.1 In parti-
cular, pH-dependent optics based on 1D nanoscale materials has
just recently begun to attract attention, because they can be
employed to trace pH-dependent biological and pathological
processes, such as metabolism and neurotransmission.2-5

Boron nitride nanotubes (BNNTs) have an analogous struc-
ture to carbon nanotubes (CNTs), but have a stable and wide
band-gap of 5.5 eV independent of tube diameter and
chirality.6-9 BNNTs exhibit superb thermal conductivity. They
are chemically more stable than CNTs,10 particularly at high
temperatures and under oxygen-enriched atmospheres. More-
over, reportedly, BNNTs possess excellent biocompatibility with
lower cytotoxicity as compared to CNTs when they are incu-
bated with various cells.11 Such unique properties make BNNTs
an ideal nanoscale fluorescence material. In fact, the cathodolu-
minescence of both pristine BNNTs and those doped with rare-
earth elements was investigated, and near-ultraviolet (UV) light
emission was successfully observed.12,13 Nanohybrid materials
composed of BNNTs with biomolecules are thought to be a
novel class of fluorescence materials.14 Such novel nanohybrids
should effectively function in oxidative or hazardous environ-
ments at high temperatures.

Flavin mononucleotide (FMN) is a well-known phosphory-
lated derivative of vitamin B2. It plays an important role in

numerous basic biological species as coenzymes and
photoreceptors.15 Its molecular structure consists of an aromatic
isoalloxazine ring and a phosphate moiety. Recently, both
theoretical and experimental studies have indicated that highly
fluorescent, single-walled carbon nanotubes (SWNTs) hybrids
can be obtained by organizing FMN molecules on the tube
sidewalls via strong π-π stacking interactions between the
isoalloxazine rings and graphene-like tube surfaces, as well as
via intermolecular hydrogen bonding between the isoalloxazine
rings, thereby leading to the efficient individualization and
chirality selection of SWNTs.16-18 From these observations,
we hypothesized that FMN molecules could interact with the
hydrophobic surfaces of BNNTs in a similar way as in case of
SWNTs. This would open a new, noncovalent, sidewall chemical
pathway for not only solubilizing and functionalizing BNNTs in
an aqueous phase, but also for further integration of these
innovative BNNTs-based hybrids into new composite materials
and devices.

In this paper, we report on the disentanglement of BNNTs in
an aqueous phase via noncovalent functionalization of BNNTs
with FMN molecules. Then pH-dependent and thermally stable
fluorescence properties of these novel FMN/BNNT nanohy-
brids were studied. The nanohybrids showed bright and stable
pH-dependent fluorescence properties in the visible light range.
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ABSTRACT: Strong and stable visible-light-emitting boron
nitride nanotube (BNNT)/biomolecule nanohybrids were suc-
cessfully fabricated via noncovalent functionalization of BNNTs
with flavin mononucleotides (FMN). Atomic force microscopy
showed excellent dispersion of the nanohybrids in aqueous
solution. Infrared absorption spectroscopy revealed strong π-
π stacking interactions between FMN and BNNT sidewalls.
Importantly, the fluorescence spectra revealed that the nanohy-
brids were highly fluorescent in the visible-light spectral range. Moreover, this fluorescence had unique pH-dependent and thermally
stable properties. These nanohybrids might be used to construct novel fluorescence imaging probes that function over a wide pH
and temperature range.
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Herein we propose that this class of supramolecular 1D nanohy-
brids is a promising candidate for the next generation of photonic
and optoelectric devices.

Highly pure multiwalled BNNTs were synthesized via a
carbon free chemical vapor deposition method, as reported
elsewhere.19 In a typical functionalization procedure
(Scheme 1), 1.5 mg of BNNTs were added into aqueous

solutions containing 100 μM FMN in a total volume of 3 mL,
and then the mixed solution was sonicated for 3 h, followed by
centrifugation at 2000 rpm for 25 min to remove any insoluble
BNNTs. Subsequently, we performed dialysis against milliQ
water for 24 h to remove any unbound FMN molecules. The
remaining solution was collected for further characterization.
The solution was transparent yellow to turbid orange in color,
and showed bright green fluorescence under UV light
(365 nm) (Figure 1a). No precipitates were observed after
incubation for a long time in an ambient environment. The
experimental details are summarized in the Supporting
Information.

The morphologies of the FMN/BNNT nanohybrids were
then investigated by atomic force microscopy (AFM). The AFM
images displayed excellent dispersion of rodlike objects on the
mica surface (Figure 1b). To evaluate the diameter and length of
these objects, we performed statistical analyses based on the
AFM images (Figure 1c, d). The analyses indicated that the
objects had heights of less than 80 nm and lengths of up to
8 μm, which are essentially consistent with those of the starting
BNNTs.20 However, the lengths were slightly shorter than in the
case of original BNNTs (up to 10 μm); this difference may be
due to partial tube shortening during the sonication procedure.
These observations suggested that the observed rodlike objects
represented the disentangled BNNTs well-dispersed via FMN
functionalization in the aqueous phase.

Figure 1. (a) Dispersion of FMN/BNNT nanohybrids in an aqueous solution under daylight and UV light (365 nm) excitations. (b) AFM image of the
FMN/BNNTnanohybrids, and statistical analysis of (c) height and (d) length of the FMN/BNNTnanohybrids collected from 29 different AFM images
(the total number of BNNTs was 136).

Scheme 1. Schematic Representation of the Formation
Process of a FMN/BNNT Nanohybrid
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The morphologies/structures of the FMN/BNNT nanohy-
brids were analyzed by high-resolution transmission electron
microscopy (HRTEM). The images showed the presence of
amorphous-like layers on the sidewalls of BNNTs, which were
not present on the starting BNNTs (Figure 2a and the Support-
ing Information, Figure S1). This provides solid evidence that
BNNTs were successfully functionalized with FMN. The dis-
tribution of FMN on BNNTs was further confirmed by con-
structing spatially resolved elemental maps using energy-filtering
TEM. The overlay of BN, and C signal intensities showed highly
enriched C contents on the BNNT periphery (Figure 2b), where
FMN functionalization took place. In addition, the electron
energy loss (EEL) spectra (Figure 2c) of the same nanohybrids

displayed the characteristic K-edges of C at 283 eV along with B
at 198 eV and N at 401 eV. The appearance of C K-edge also
supported the regarded functionalization of BNNTs with FMNs.

Fourier-transformed infrared absorption (FT-IR) spectros-
copy was applied to gain insight into the functionalization
mechanism (see Figure S2 in the Supporting Information).
Specifically, the peaks derived from the original BNNTs ap-
peared at 771 and 1347 cm-1, which were assigned to the
respective E1u (TO) and E1u (LO) modes (TO: transverse
optic; LO: longitudinal optic),21 whereas the peaks for the
nanohybrids appeared at around 818 and 1379 cm-1. Interest-
ingly, the E1u (TO) modes of the nanohybrids were split into
two peaks at 818 and 799 cm-1. The inter-plane B-N bond
strength must be weakened due to binding of the FMN mole-
cules onto the BNNT surfaces. It is worth noting that the
vibration band at 2950 cm-1 can be attributed to the υas
(CH2) of pure FMN, but appeared at 2922 cm-1 for the
nanohybrids. The intensity of the υas (CH2) for the nanohybrids
was relatively stronger than that for pure FMNs. These observa-
tions suggest that intermolecular hydrogen bonds were formed
among the adjacent isoalloxazine rings of FMNmolecules on the
sidewalls of the BNNTs.16-18 Therefore, we concluded that the
π-π stacking interactions between FMN and BNNTs play a
major role in our system, and the other interactions may also
supply positive contributions.

Figure 2. (a) HRTEM image, (b) corresponding spatially resolved
elemental map, and (c) EEL spectrum of a representative FMN/BNNT
nanohybrid.

Figure 3. (a) Comparative UV/vis and (b) FS spectra of original
BNNTs (black), pure FMN (blue), and FMN/BNNT nanohybrids
(red). The inset shows enlarged FS spectra between 400 and 650 nm.
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Ultraviolet-visible absorption (UV/vis) spectroscopy was
employed to reveal the optical properties of the FMN/BNNT
nanohybrids (Figure 3a). Four peaks were clearly observed at
around 223, 267, 373, and 446 nm in the spectra of pure FMN,
which were attributed to π-π* type transitions.22,23 On the
other hand, those peaks in the nanohybrids were slightly shifted
to 218, 265, 375, and 423 nm, respectively. These changes
strongly suggest that electron transfers, which originated from
the strongπ-π stacking interactions, existed between the FMNs
and BNNTs. It should be stressed that a small red shift of the
peak at 373 nm can be attributed to the fact that intermolecular
hydrogen bonds were formed between the adjacent isoalloxazine
rings via self-assembly of the FMNmolecules on the sidewalls of
BNNTs, similar to the case of the FMN/CNTnanohybrids.16-18

Fluorescence spectroscopy (FS) is an ideal tool for evaluating
the fluorescence properties of nanomaterials. In the spectra of the
FMN/BNNT nanohybrids (Figure 3b) two bright fluorescent
peaks were observed at 427 and 531 nm. They were attributed to
the BNNTs and FMN, respectively. The former peak, which was
attributed to B or N defect centers, or to radiative excitonic dark
states of the BNNTs,21 slightly blue-shifted from the peak of the
original BNNTs at 432 nm. The latter peak was also blue-shifted
compared with the peak for pure FMN at 534 nm. These
observations suggest that both FMN molecules and BNNTs
have different electronic states after hybrid formation. In fact, the
fluorescence of the original BNNTs dispersed in the absence of
FMNmolecules was barely observed, indicating that the amount
of BNNTs was drastically increased by FMN. Further investiga-
tion of the stability of the fluorescence was conducted by
measuring the steady-state fluorescence of the FMN/BNNT
nanohybrids as a function of time (see Figure S3 in the

Supporting Information). The fluorescence intensity only mar-
ginally decreased with time in an air atmosphere, indicating that
the fluorescence of the FMN/BNNT nanohybrids was suffi-
ciently stable.

Nanomaterials with pH-dependent fluorescence properties
have highly promising applications for monitoring pH-depen-
dent biological processes.2-5 Therefore, the properties of the
FMN/BNNT nanohybrids were investigated to explore their
future applicability in the biological field. As shown in panels a
and c in Figure 4 (see Figure S4 in the Supporting Information
for the UV/vis spectra), the fluorescence peak at 531 nm, which
was attributed to the FMN molecules on the BNNT surface,
displayed a unique pH-dependent behavior. This behavior was in
a good agreement with the pH-dependent fluorescence of pure
FMN. It is known that isoalloxazine rings exist in three redox
states, which are cationic, neutral, and anionic structures, de-
pending on the pH environment (Scheme 2). The normal form
of the isoalloxazine ring in the ground state is neutral. This
neutral FMN will transform into cationic and anionic species at
pHs 3.5 and 9, respectively.24 Accordingly, it was observed that
the FMN molecules on the BNNT surface behaved similarly as
free FMN.

The pH-dependent properties of the peak at 427 nm, which
was attributed to the BNNTs in the nanohybrids, were more
interesting. At neutral pH values (pH 3.9-8.8) the fluorescence
intensity was strong and stable with changes in pH. At low (pH
1.9-3.9) and high pH (pH 8.8-11.8) the intensity became
remarkably sensitive to pH changes. This behavior seems to be
correlated with the different redox states of the FMN molecules.
FMN molecules in the neutral state should have strong π-π
stacking interactions with BNNTs. At low and high pH values,

Figure 4. (a) pH and (b) temperature-dependent fluorescence of the FMN/BNNTnanohybrids. (c) Comparative pH and (d) temperature-dependent
fluorescence intensity of pure FMN (blue), BNNTs in nanohybrids (black), and FMN in nanohybrids (red).
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the FMN molecules on the BNNT surface should desorb due to
relaxation of the π-π stacking interactions, followed by fluores-
cence quenching due to the formation of BNNT bundles. Re-
cently, Huang et al. developed a submicrometer-sized pH sensor
based on Ag nanoparticle-decorated biotin-fluorescein/BNNT
hybrids. The pH-dependent fluorescence and Raman signals in
the fluorescein molecules enhanced by Ag nanoparticles allowed
pH determination by comparing the fluorescence intensities or
identifying the ratio of two typical Raman peaks. The sensor
worked well within the pH 5.5-8.2 range, and was envisaged to be
highly promising formonitoring the environmental pHof subunits
in living cells.25 In contrast, because the fluorescence intensity of
the present FMN/BNNT nanohybrids was stable over the same
pH range, these novel nanohybrids might be an alternative building
block for designing novel fluorescence imaging probes, which
would be able to work under circumstances where the effect of
changes in pH on fluorescence must be eliminated.

Further investigation of the temperature-dependent fluores-
cence of the FMN/BNNT nanohybrids was conducted, as shown
in Figure 4b, d (see Figure S5 in the Supporting Information for
the UV/vis spectra). The fluorescence intensity of both peaks at
427 and 531 nm for the nanohybrids barely changed with
temperature changes. On the other hand, the fluorescence in-
tensity of pure FMN gradually decreased with temperature,
indicating that the fluorescence of the FMN molecules on the
BNNT surface wasmore stable than in its free state. In general, the
fluorescence intensity of certain molecules is markedly quenched
with increasing temperature, which is due to an increase in the rate
constant for the nonradiative transitions.26 Therefore, the non-
radiative transitions were efficiently depressed in the nanohybrids.

In summary, we have demonstrated the preparation and
characterization of novel FMN/BNNT nanohybrids. AFM ob-
servations have indicated that the nanohybrids possess excellent
solubility and disentangled dispersion in an aqueous solution.
The FT-IR spectra have suggested that strong interactions are
present between the BNNT sidewalls and FMN molecules.
These nanohybrids exhibit bright green fluorescence in the
visible range. At the same time, the fluorescence intensity has
unique pH-dependent and thermally stable properties. Although
the differences between FMN/BNNT and FMN/CNT nanohy-
brids are needed to be clarified in the further studies, we propose
that the present FMN/BNNT nanohybrids should be given
considerable attention with respect to their utilization in visible
light emitters or nanoscale subunits for constructing fluorescence
imaging probes that can function over a wide temperature range.
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