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ABSTRACT: A novel fluorescence probe based on modified
halloysite nanotubes (HNTs) by using 1-pyrenylboronic acid
selectively grafted onto the inner surface of lumen was
successfully achieved. The solid-state nuclear magnetic
resonance (13C and 11B), X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared (FTIR) confirmed that
the boronic acid group only binds to alumina at the tube lumen
and does not bind the tube’s outer siloxane surface. The
modified HNTs (HNTs-PY) inherit the spectroscopic proper-
ties relating to the pyrene units. Interestingly, the established
Al−O−B linkage gives the H2O2-sensitivity to pyrene grafted
tubes. HNTs-PY exhibits a highly specific “turn-off” response
for hyperoxide over other reactive oxygen species (ROS) and oxidative ions owing to their chemoselective boronate-to-phenol
switch. The “turn-off” response can even be tracked when the additional amount of H2O2 was limited to 1 × 10−6 mol. Thus, the
selective modification method under mild conditions for the design of novel organic−inorganic hybrid fluorescence probe may
open up a broader application as well as for identification and diagnosis.
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1. INTRODUCTION

Halloysite nanotubes (HNTs) have garnered interest in material
science due to their versatile advantages of biocompatibility,
environmental friendliness, large surface area, and high porosity,
as well as low cost and widely spreadable properties.1−3 HNTs
(Al2Si2O5(OH)4·nH2O) are hollow like aluminosilicate clay,
similar to commonly used platy clay kaolin.4−6 The size of HNTs
often ranges from 15 to 100 nm in external diameter with a length
from 500 to 1000 nm. Neighboring alumina and silica layers,
accompanying their hydration effect with water, lead to a packing
disorder causing sheets to curve and roll up, forming multilayer
nanotubes.7 Generally, the internal surface of HNTs consists of a
gibbsite octahedral array (Al−OH) groups, whereas the siloxane
groups (Si−O−Si) overspread on the external surface. Usually,
the inner and outer-compositions of these tubes allow for quite a
few feasible modification methods by immobilization of
functional groups via different chemical reactions, which can
open up some attractive applications including including
catalysis,8−10 anticorrosion,11,12 adsorbent,13,14 drug deliv-
ery,15−19 enzyme immobilization,20 aerogel,21 rubber filler,22

fiber spinning,23,24 and electronic devices.25−27 However, some
classical methods often result in the nonspecific modification of
both inner and outer surfaces.28 The modification of the
halloysite tube outer surface is usually intended to decrease the
clay dispersal in aqueous media. Therefore, selective modifica-

tion with functional molecules for inner surface offers great
promise for hybrid HNT-based materials,14,29,30 which, however,
remains a difficult task.
A potential new tool for selective modification of silica-

alumininm oxides materials is arylboronic acid. Early studies of
alcohol-affinitive molecules revealed that arylboronic acid can
rapidly react with diols in mild conditions; the reaction between
arylboronic acid and pinacol is one of the most typical cases in
organic chemistry. Moreover, the diboronic acid can be easily
developed as an interlinker aiming to developing graphene oxide
nanoporous materials with better gas adsorption properties.31,32

Therefore, we demonstrate here that the arlyboronic acid can
also be covalently linked to the alumina innermost surface but
not to the silica outermost surface of HNTs. Following this way,
the plane-conjugated molecules can be immobilized onto the
lumen surface to functionalize the modified HNTs with
fluorescence properties.
In the past decades, organic−inorganic hybrid fluorescence

probes, especially nanoparticle-based fluorescence probes,
played a crucial role in modern analysis fields.33−35 It is also
full of meaningness to develop tubular hybrid materials which
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can be used as fluorescence probes. Interestingly, recent
investigations clearly showed that the deprotection of aryl
boronates to phenols provided a reaction-based approach to
specific fluorescence detection of hydrogen peroxide
(H2O2).

36−39 H2O2 is viewed as a marker for oxidative stress
and damage events in vivo. Recent investigations also suggest
that H2O2 serve as a newly recognized messenger in cellular
signal transduction.40,41 Developing new chemical tools that are
sensitive enough to report H2O2 production at low levels while
maintaining H2O2 specificity over similar reactive oxygenspecies
(ROS) is the key to understanding the role H2O2 plays in
intracellular signaling transduction, normal cell function and cell
damage.42−45 Herein, we hope that the obtained tubular hybrid
material is sensitive enough to detect H2O2 at a low levels and
specific over other ROS owing to their chemoselective boronate
switch.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. HNTs were obtained from

GuangZhouShinshi Metallurgy and Chemical Company Ltd. (Guangz-
hou, China). 1-Pyrenylboronic acid (PBA) was purchased from Sigma-
Aldrich. Aluminum oxide nanometer (30 nm) and silica nanospheres
(50 nm) were purchased from J&K Chemical Technology. Sodium
nitroferricyanide (Na2Fe(CN)5NO), t-butylhydroperoxide (TBHP),
and sodium hypochlorite (NaClO) were purchased from Aladdin
Industrial Incorporated. Dimethyl sulfoxide (DMSO) was dried and
distilled from CaH2 under vacuum before use. Distilled water was used
throughout the study. High-purity argon was used for degassing
procedures.
2.2. Preparation. 2.2.1. Purification of HNTs. HNTs were purified

according to our previous work.46

2.2.2. Preparation of HNTs-PY. A mixture of purified HNTs (200
mg) and PBA (400 mg) in anhydrous DMSO was carefully degassed.
The system was heated at 80 °C for 6 h under stirring. The mixture was
cooled to ambient temperature and then washed triply and sequentially
by ethyl acetate, methanol, and dichloromethane. The residue was
collected by centrifugation. After vacuum-drying, the HNTs-PY was
obtained as a faint yellow solid.
2.2.3. Preparation of H2O2-Treated HNTs-PY. A suspension of H2O2

(5 mmol) and HNTs (50 mg) in 10 mL of water was mixed in a flask
under magnetic stirring at room temperature for 10 min. The tubes were
washed triply and sequentially by ethyl acetate, methanol and
dichloromethane. The residue was vacuum-dried to give H2O2 treated
HNTs-PY as a faint yellow solid.
2.2.4. Generation of reactive oxygen species (ROS). Nitric oxide

(NO•) was generated from sodium nitroferricyanide (Na2Fe-
(CN)5NO).

47 H2O2, TBHP, and ClO− were delivered from 30%
H2O2, 70% TBHP, and 5% NaClO aqueous solutions, respectively.
2.2.5. Characterizations. UV−visible absorption spectra were

obtained on a Shimadzu UV−visible spectrometer model UV-2550.
Fluorescence spectra were recorded on a Shimadzu RF-5301PC. TGA
was performed on PerkinElmer Pyris 6 under a nitrogen flow. Accurately

weighted amounts of samples were heated at a scanning rate of 10 °C/
min from 40 to 800 °C. The morphological characterizations were
performed by using a Tecnai G2 F20 S-TWIN transmission electron
microscope (TEM)with an accelerating voltage of 200 kV. FTIR spectra
were recorded in the region of 400−4000 cm−1 for each sample on a
Varian-640 spectrophotometer. Samples were previously grounded and
mixed thoroughly with KBr. The spectrum for each sample was obtained
from averaging 32 scans over the selected wavenumber range. Solid-state
NMR (13C and 11B) spectra were obtained on a Bruker Advance III
spectrometer. X-ray photoelectron spectroscopy (XPS) was carried out
on a Thermo Scientific ESCALab 250Xi using 200 W monochromated
Al Kα radiation. The 500 μm X-ray spot was used for XPS analysis. The
base pressure in the analysis chamber was about 3 × 10−10 mbar.
Typically the hydrocarbon C 1s line at 284.8 eV from adventitious
carbon was used for energy referencing.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Structural Characterizations. In this

study, purified HNTs were treated with an excess of PBA to
couple boric acid with hydroxyl groups over the alumina
innermost surface via a solvothermal method (Scheme 1).
DMSO was used as reaction solvent to satisfy both the solubility
of PBA and dispersibility of the nanotubes. HNTs exhibited
better dispersibility in DMSO than in other organic solvents
including N,N-dimethylformamide, tetrahydrofuran, methanol,
ethyl acetate, dichloromethane, and chloroform. The use level
was limited to a minimal amount aiming to favor a desirable
grafting efficiency. Unreacted compounds were removed by
thorough washing with good solvents including ethyl acetate,
methanol and dichloromethane.
The differences in the composition of nanotube samples were

revealed by the solid-state NMR (13C and 11B) spectra and XPS
analysis. The solid-state 13C NMR spectra of HNTs, HNTs-PY,
and PBA are depicted in Figure 1. The spectrum of PBA displays
sharp resonances in the region from 135 to 110 ppm for all 16
carbon environments of the molecule. The 13C NMR spectra
indicate that the chemical environment of HNTs-PY is
somewhat different from the original HNTs of which spectrum
shows no obvious signals in the region from 250 to 100 ppm. The
weak resonance peaked at 122.3 ppm in the spectrum of HNTs-
PY is corresponding to pyrene groups. The solid-state 11B NMR
spectrum of HNTs, shown in Figure S1, reveals that little boron
exists in original halloysite. Whereas HNTs-PY displays weak
peaks centralizing at 15.1 and 0.1 ppm, indicating the presence of
the boron in modified HNTs. The upfield shifts suggest that the
chemical environment of boron in HNTs-PY is different from
that in PBA.
The XPS spectra (Figure 2) of original HNTs and modified

HNTs show the presence of aluminum (Al 2s and Al 2p) and
silicon (Si 3p), in accordance with the composition of alumino-

Scheme 1. Selective Modification of the Alumina Innermost Surface
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silicate clay. The weak signal in the curve of original HNTs
suggests that some organic component exists in the multilayer
nanotubes. As for HNTs-PY, areas relating to C 1s appeared to
be slightly larger suggesting some organic contents have be
grafted. It should be noted that the weak peak assigned to B 1s
can be tracked at 191.5 eV. Generally, the wall thickness of HNTs
exceeds the penetration depth of XPS (10 nm).29 So it is difficult
to disclose the chemical composition of the inner lumen surface.
The weak change in the spectrum of HNTs-PYmay be attributed
to the fractions grafted on the opening of the tubes, which are
partially exposed to X-rays.
The FTIR spectra of original HNTs and modified HNTs are

depicted in Figure 3. Original HNTs feature two distinct peaks at
3703 and 3625 cm−1. Inner hydroxyl groups, lying between the
tetrahedral and octahedral sheets, give the absorption near 3625
cm−1. The other strong band at 3703 cm−1 is related to the
surface hydroxyl groups in the lumen of the nanotubes.48

Characteristic band of in-plane Si−O−Si stretching vibration can
be observed around 1036 cm−1. The bands less than 1000 cm−1

can be assigned to symmetric or perpendicular stretching
vibrations of Si−O or Al−O groups. As for HNTs-PY, the
distinct band corresponding to surface hydroxyl groups in the

lumen at 3701 cm−1 displays an obvious decrease, suggesting the
consumption of surface hydroxyl groups in lumen during the
grafting reaction. Moreover, the grafting of pyrene onto the
nanotube is confirmed from the characteristic C−H stretching
and benzene skeleton vibrations centered at 3035 and 1442
cm−1, respectively. The quantity of the pyrene grafted to the
nanotube was calculated to be 6.2 wt % by thermogravimetric
analysis (TGA, Figure 4). Otherwise, the products with higher

grafting degrees can be achieved by extending the reaction time.
For an example, the modified HNTs prepared by treating HNTs
with PBA for 48 h possess a grafting degree of 12.2% (the
thermogravimetric analysis was shown in Figure S2); in addition,
the FT-IR spectrum of the modified HNTs by treating HNTs
with PBA for 48 h depicted in Figure S3 shows stronger benzene
skeleton vibrations and a disappearance of the peak assigned to
surface hydroxyl groups in the lumen.

3.2. Investigation of Selective Modification Nature.
Halloysite nanotube is a dioctahedral 1:1 layered aluminosilicate.
The outermost surface is made of a silica-type layer in which the
oxygen atoms are tetrahedrally coordinated by silicon atoms. The
innermost Gibbsite-type layer makes the lumen shows hydroxyl
groups. Therefore, we hypothesized that grafting reaction should

Figure 1. Solid-state 13C NMR spectra of HNTs, HNTs-PY, and PBA.

Figure 2. XPS spectra of original HNTs and HNTs-PY.

Figure 3. FTIR spectra of original HNTs, HNTs-PY, and H2O2-treated
HNTs-PY.

Figure 4. TGA curves of original HNTs, HNTs-PY, and H2O2-treated
HNTs-PY.
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be a selective modification of halloysite lumen. Then, a model
experiment conducted by Takahara et al. was employed in this
study to verify this point.30 In the model experiment, Al2O3
nanoparticles were also treated with PBA inDMSO at 80 °C for 6
h.Then the particles were washed triply and sequentially by ethyl
acetate, methanol and dichloromethane. For PBA-treated Al2O3
particles, the FTIR spectrum shown in Figure S4A displays a new
strong band located at 1437 cm−1 and a weak stretching
centralizing at 3034 cm−1, which can be attributed to the grafted
pyrene units. However, when SiO2 nanoparticles were treated
with PBA in same conditions, pyrene units cannot be tracked in
the FTIR spectrum of PBA-treated SiO2 nanoparticles (Figure
S4B). The result is also applicable to the alumina and silica
surfaces of halloysite.
3.3. Morphological Characterizations. TEM images of

original HNTs andmodifiedHNTs are shown in Figure 5. Figure

5A reveals that the original HNTs are cylindrical shaped with an
open-ended lumen along the nanotubes. The nanotubes have an
outer diameter of 40−60 nm and a lumen diameter of 15−25 nm,
while the wall thickness is about 20 nm. After modification, the
nanotubes possess similar overall morphologies to those of
original HNTs, indicating the nanotube underwent little damage
during the modification procedure. Moreover, the transparent
central channel becomes less resolved at a higher resolution. As
seen in Figure 5B, the lumen is almost completely filled.
Otherwise, the tubes after modification retained the smooth
outmost surface. Therefore, it can be also inferred from the TEM
micrographs that the pyrene units were selectively grafted in the

lumen of HNTs, which can be served as a direct proof to verify
the selective modification and grafting procedures.

3.4. Spectroscopic Properties and Responses to
Hydrogen Peroxide. The absorption spectra of original
HNTs and HNTs-PY were measured in aqueous solution, as
shown in Figure S6. The original HNTs display almost no
absorption peaks in the region from 300 to 600 nm. After
modification, HNTs-PY features two weak absorption peaks
around 323 and 340 nm which can be attributed to the
introduction of pyrene units. Photoluminescence behaviors were
also investigated in aqueous solution. When excited at 300 nm,
the original HNTs exhibited no fluorescence properties. HNTs-
PY displays a strong emission peak at 380 nm. The quantum yield
(Φf) of HNTs-PY was calculated as 0.63, with quinine sulfate (Φf
= 0.55 in 0.05 M H2SO4) as the reference standard.
The addition of H2O2 into HNTs-PY aqueous dispersion

triggered a marked decrease in fluorescence intensity. The
treated suspension displays a weak emission peak at 388 nm,
which is corresponding to the emission spectrum of 1-
hydroxypyrene; there is a bathochromic shift of 8 nm relative
to the emission peak of HNTs-PY. Otherwise, the escape of the
pyrene units from nanotubes can be tracked in the FT-IR
spectrum of H2O2-treated HNTs-PY. The weight loss can be
confirmed by TGA curve of H2O2 treated HNTs-PY. The
response mechanism is summarized in Scheme 2. When PBA
immobilized on to the alumina innermost surface, the nanotubes
with pyrene groups can also retain the desirable dispersibility in
aqueous media and possess attractive fluorescence property
emitting centralizing at 380 nm. The aromatic boronic acid
derivatives can transform into 1-hydroxypyrene in a few minutes
in the presence of excess amount of H2O2. The poor water
solubility of 1-hydroxypyrene result in a dramatically decrease of
the fluorescence intensity. Yet, some generated 1-hydroxypyrene
in the initial stage of the generation may be loaded in the lumen
of the tubes, which retained some water-soluble property in
accompany with the hydrophilic halloysite. As time goes on,
these loaded compounds also escaped from the lumen following
a sustained-release manner result in the mild decrease at the last
stage.
The sensitivity of HNTs-PY to H2O2 was also investigated by

fluorescence spectroscopy. Upon addition of H2O2 at different
amount into the HNTs-PY aqueous suspension, the reduction of
the fluorescence intensity even can be tracked when the addition
amount of H2O2 decreasing to 1 × 10−6 mol (Figure S7).
Otherwise, the sensitivity of modified nanotubes (HNTs-PY2)
with higher grafting ratio (12.2%) was also investigated. The
response behaviors of HNTs-PY2 did not display significant
difference from 1× 10−3 to 1× 10−7 mol H2O2 (Figure S8) when
compared to those of HNTs-PY, suggesting that the perform-
ance of as-prepared fluorescent probe presented little relation-
ships to the ratio of fluorescent molecules grafted on the
nanotubes. Owing to their chemoselective boronate switch,
HNTs-PY retains highly specific responses to H2O2. Other
groups did not show relative turn-off fluorescence when treating
with ROS agents including NO• and ClO− (Figure 6).
Moreover, the fluorescence intensity of HNTs-PY was found
to be almost unaffected by the addition of Fe3+, Cu2+, Cr3+,
H2PO4

−, SO4
2−, S2O3

2−, and NO3
− (Figure S9). The result

indicates that the turn-off fluorescence can also be tracked in
term of lipid peroxide, such as t-butylhydroperoxide (TBHP).
Therefore, HNTs-PY exhibits excellent selectivity toward
hyperoxides.

Figure 5. TEM images of (A) HNTs and (B) HNTs-PY.
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4. CONCLUSIONS

In this work, we developed an efficient method to functionalize
the HNTs with pyrene units. PBA was found to bind to alumina
sites at the tube lumen and did not bind the tube’s outer siloxane
surface. The final nanocomposite retained regular morphology
and desirable dispersibility in aqueous solution. The established
Al−O−B linkage gives a highly specific and sensitive H2O2-
sensitivity to HNTs-PY, as a result the fluorescence exhibits a

highly specific “turn-off” response for hyperoxide. The selective

modification method explored in this study can be also

appropriate for other arylboronic acid derivatives, which may

create more applications of HNTs. Further investigations should

be conducted to verify whether the Al−O−B linkage established

by other compounds can also exhibit a highly specific and

sensitive response to hyperoxide.

Scheme 2. Response Mechanism of HNTs-PY to Hydrogen Peroxide and the Fluorescence Spectra of HNTs-PY Aqueous
Suspension ([c] = 0.1 mg/mL) after Addition of H2O2 (1 × 10−3 mol)a

aConditions: excitation wavelength, 300 nm; 2 mL of HNTs-PY aqueous suspension was used.

Figure 6. Fluorescence spectra of HNTs-PY aqueous suspension ([c] = 0.1 mg/mL) after addition of ClO− (A, 1 × 10−4 mol), NO· (B, 1 × 10−4 mol),
H2O2 (C, 1× 10−4 mol) and TBHP (D, 1× 10−4 mol). Conditions: excitation wavelength, 300 nm; 2 mL of HNTs-PY aqueous suspension was used for
each test.
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