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Secondary structure-induced aggregation by
hydrogen peroxide: a stimuli-triggered open/
close implementation by recombination†
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The fabrication of reactive aggregation nanomaterials through assemblies in a facile and cost-effective

manner is much desired but remains to be well explored. Here we show that exquisite and ultra-long

(>2 µm) hybrid polymer nanorods (NRs) can be formed by a simple self-assembly of a phenylboronic acid

modified genistein crosslinker (Ge-di(HMPBA-pin)) and D-α-tocopheryl polyethylene glycol 1000 (TPGS).

The obtained NRs exhibit quantitative and sensitive colorimetric detection of H2O2 with a remarkable

detection limit for different stromal materials. More significantly, the presence of H2O2 triggers a distinct

morphological transformation of the polymer NR assembly into the secondary structure of micelles via

the oxidative deboronation of boronate moieties in HMPBA-pin-SA. It spontaneously induces the aggre-

gation of metal nanoparticles (Au NPs), metal nanorods (Au NRs), quantum dots (MoS2 QDs), metal ions

(Cu2+), protein (ferritin) and tetraphenylethene (TPE) molecules, giving rise to a dramatic stimuli-triggered

open/close switchable complexation and apparent colorimetric transitions in vitro. This study, for the first

time, showcases the fascinating advantages of such unprecedented secondary structure-induced aggre-

gation and uncovers the immense potential to design a plethora of other sensing systems by virtue of the

alternate trigger-specific, sacrifice-aggregated building moieties.

Introduction

The detection of low concentration matter and improving the
detection limit have been of great scientific and industrial
interest.1,2 To this end, improving the detection concentration
is particularly appealing to achieve accurate detection.
However, due to the complexity of most detection systems,
especially biological systems, centrifugation cannot achieve
the enrichment of a test material through the conventional
approach. The self-assembly performance of surfactant mole-
cules in solution provides the theoretical feasibility to endow
this “polymer network” with enrichment properties.3

Unfortunately, the direct addition of a surfactant into the
system would inevitably cause macroscopic accumulation of

the material, thus destroying the nature of the pristine solu-
tion system. Hence, it is imperative to design a material that
can enter the solution system and trigger the decomposition
of the surfactant to achieve the enrichment effect.

The prerequisite to design the in situ enrichment materials
is the selection of appropriate functionality that can trigger the
response decomposition. Phenylborate ester compounds are
capable of realizing intelligent “open–close” materials,4–6 due
to their high sensitivity to H2O2.

7,8 The molecular chain
bearing phenylboronic acid decomposes into phenylboric acid
in response to H2O2, and is converted from a hydrophobic to
hydrophilic monomer, imparting the self-assembly capacity of
the surfactant. Taking advantage of such precise molecular
design, small molecular chain segments after decomposition
possess certain hydrophilic–lipophilic characteristics. Similar
to surfactant self-assembly, the micelle and the in situ enrich-
ment materials will simultaneously be assembled together to
afford new structures of a near-surface layer. Such character-
istics of the polymer chain bearing phenylborate paves the
way for the realization of in situ trigger decomposition-self-
assembly and the detection of H2O2 at an even lower
concentration.

Emerging as an essential part of nanotechnology, the self-
assembly of complex structures from simple building blocks is
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a powerful strategy to prosper ensembles of nanostructures. Of
particular interest, the self-assembly of nanoscale elements
into three-dimensional structures with precise shapes and
sizes has gained tremendous interest and exerted a significant
impact on this field.9,10 In past years, several examples of
assembling nanoscale structures have been reported.11–13

Shenton and co-workers designed a macroscopic system using
antibody–antigen recognition by self-assembly of nanoparticle
aggregates.11 Li and co-workers synthesized a new electrostatic
complexation between Au NPs and the positively charged
polymer.12 Later, Schreiber et al. reported rigid DNA origami
scaffolds which were used to assemble metal nanoparticles,
quantum dots, and organic dyes into hierarchical nano-
clusters.13 However, the above-mentioned assemblies have
limited applications, a slightly cumbersome procedure, and
are not able to meet the requirement of multi-scale detection.
With these questions in mind, we envision that the fabrication
of such nano-assemblies in a facile and cost-effective manner
is highly in demand since it will open up fascinating opportu-
nities in multifunctional applications ranging from transform-
ation optics to photovoltaics,14 drug delivery,15 nanophotonics,
metamaterials and biotechnology.9,10

To implement our proposed strategy, we first designed and
synthesized a novel drug-crosslinked probe, Ge-di(HMPBA-
pin), via the reaction of a boronate ester-functionalized
succinate derivative with a drug genistein cross-linker
(Scheme S1†). Molecular self-sensing in biologically relevant,
advanced polymeric architectures and assemblies (e.g.,
micelles, vesicles, and polymersomes) requires compatibility
with aqueous media. However, functional assembly in water
has been rarely investigated to date.16–18 To improve the
inadequate water solubility of the new drug-crosslinked probe,
we opted to synthesize Ge-di(HMPBA-pin)/amphiphilic
polymer composites via the self-assembly with D-α-tocopheryl
polyethylene glycol 1000 (TPGS). The obtained Ge-di(HMPBA-
pin)-TPGS copolymer was subjected to further improvement of
water solubility. On the other hand, given that the extracellular
environment of some cancer cells contains large amounts of
reactive oxygen species (ROS) whereas their intracellular
environment is H2O2-abundant, our rationally-designed pre-

cursor, Ge-di(HMPBA-pin)-TPGS, poses dual merits: (1) it can
efficiently yield amphiphilic TPGS which is crucial in various
environments; and (2) it is capable of self-assembling rapidly
into different nanocarriers in response to H2O2. As a proof-of-
concept, we have designed a colorimetric H2O2 detection
system with remarkable sensitivity. More significantly, elabor-
ate aggregated complexations of the newly-generated second-
ary polymer assembly with metal nanoparticles (Au NPs),
metal nanorods (Au NRs), quantum dots (MoS2 QDs), metal
ions (Cu2+), protein (ferritin), and tetraphenylethene (TPE)
molecules, respectively, lead to prominent colorimetric tran-
sitions due to the aggregation of Au NPs, Au NRs, MoS2 QDs,
Cu2+, ferritin, and TPE (Scheme 1).

Experimental
Chemicals and materials

TPGS was obtained from Sigma-Aldrich (St Louis, MO).
Acryloyl chloride (AC; 96%) was from Alfa Aesar, China.
4-(Hydroxymethyl)phenylboronic acid (HMPBA), pinacol,
succinic anhydride, 4-dimethylamino-pyridine (DMAP) and
diisopropylcarbodiimide (DIC) were purchased from Sigma-
Aldrich. Tetrakis(triphenylphosphine)palladium(0) (99%),
bromo-triphenylethylene (98%), 4-formylphenylboronic acid
(98%), and tetrabutyl ammonium bromide (TBAB, 99%) were
purchased from Energy Chemical and triethylamine (TEA,
99%) was from Beijing Chemical Works. Before use, triethyl-
amine (TEA), hydrochloric acid (HCl) and other solvents were
of analytical grade. The MCF-7 cell line was purchased from
the Shanghai Institute of Cell Biology (Shanghai, China).
Genistein was provided by the Xishan Institute of
Biotechnology, Zhejiang China. All solvents and reactants were
purchased from commercialized companies and used as
received without further purification unless otherwise
specified.

Synthesis of mono(4-(hydroxymethyl)phenylboronic acid
pinacol ester)succinate (HMPBA-pin-SA). 4-(Hydroxymethyl)
phenylboronic acid pinacol ester (HMPBA-pin) was synthesized
according to the previous literature with minor modi-

Scheme 1 Schematic illustration of (1) synthesis of the ultra-long (>2 µm) nanorods via self-assembly of Ge-di(HMPBA-pin) and TPGS. (2)
Structures of H2O2-degradable cross-linker and the stimuli-triggered open/close switchable complexations.

Paper Nanoscale

5504 | Nanoscale, 2018, 10, 5503–5514 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

8/
29

/2
01

8 
3:

59
:2

3 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c7nr09356j


fications.19 HMPBA (1 g, 6.55 mmol) was suspended into
anhydrous THF followed by the addition of pinacol (0.93 g,
7.9 mmol). MgSO4 (0.15 g) was then added into the mixture.
The mixture was stirred at room temperature for 36 h and then
filtered to remove the precipitate. The filtrate was evaporated
by rotary evaporation and 30 mL of chloroform was added to
dissolve the residue. The obtained solution was then washed
with water (3 × 30 mL) and dried over MgSO4 overnight. After
filtration and evaporation, HMPBA-pin was obtained as a
colorless oil (1.15 g; 59.6% yield).

HMPBA-pin (1 g, 4.26 mmol), succinic anhydride (0.73 g,
7.3 mmol), and DMAP (20 mg, 0.163 mmol) were dissolved in
anhydrous THF (20 mL), and to the resulting solution, 1 mL of
pyridine was added. The resulting solution was stirred at room
temperature for 36 h. 1 mL of methanol was then added and
continuously stirred for an additional 1 h to hydrolyze the
excess succinic anhydride. The solvents were evaporated under
vacuum to remove THF and 30 mL of chloroform was added to
dissolve the evaporation residue. The solution was washed
with 0.1 M HCl (2 × 30 mL) and water (1 × 30 mL). The
organic phase was dried over MgSO4 overnight and then
evaporated to give the product as colorless oil (1 g;
57.8% yield).

Synthesis of 4-hydroxy genistein 4,7-hydroxy-(4-(hydroxy-
methyl)phenylboronic acid pinacol ester)succinate ester (Ge-di
(HMPBA-pin)). Ge (66.7 mg, 0.247 mmol) was suspended in
10 mL of dichloromethane followed by the addition of
HMPBA-pin-SA (360 mg, 1.08 mmol), DMAP (3 mg,
0.0267 mmol) and DIC (156 μL, 1.08 mmol). The reaction
mixture was stirred at room temperature in the dark for 24 h.
After removing the solvent by rotary evaporation, the crude
product was purified by column chromatography with an
eluent of n-hexane–ethyl acetate (1 : 1) to give the pure product
as a light yellow solid (201 mg; 47% yield).

Self-assembly of Ge-di(HMPBA-pin)-TPGS nanorods. In a
typical self-assembly experiment, 1 mg TPGS (or control
TPGS-A) and 1 mg Ge-di(HMPBA-pin) were dissolved in 1 mL
of 1,4-dioxane, stirred and maintained at predetermined temp-
erature in a water bath for 20 minutes. Then, 2 mL of water
was slowly added within 1 h followed by the injection of 7 mL
of water within 1 h via a syringe pump. The stirring rate was
fixed at 1000 rpm in all cases and the temperature was fixed at
25 °C during the self-assembly process. The colloidal dis-
persion was further stirred for another 2 h, followed by dialysis
(MW cutoff, 500 Da) against deionized water for 12 h to
remove the organic solvent. During this process, fresh de-
ionized water was replaced approximately every 2 h.

Synthesis of TPGS-A. TPGS acrylate (TPGS-A) was synthesized
by TPGS and acryloyl chloride as reported elsewhere.20,21

Briefly, 1.01 g of TPGS was dissolved in 30 mL of anhydrous
DCM with 0.3 mL of triethylamine. The solution was cooled to
0 °C, followed by the addition of acryloyl chloride (0.187 g)
dropwise. The mixture was stirred at 0 °C for 2 h, and then the
temperature was increased to room temperature. After 24 h,
the reaction mixture was purified by washing with dilute HCl
solution, followed by precipitation with hexane.

According to similar procedures, Ge-di(HMPBA-pin)@
TPGS-A, genistein@TPGS, and HMPBA-pin-SA@TPGS were
also synthesized by self-assembly.

Au NRs synthesized following the seeded growth
method.22,23 0.25 mL of AgNO3, 1.7 mL of 0.1 M HAuCl4·3H2O,
0.27 mL of ascorbic acid solution, and 0.42 mL of a gold seed
solution were added to 40 mL of 0.1 M hexadecyltrimethyl-
ammonium bromide (CTAB) and incubated at 40 °C for at
least 3 h. To remove excess CTAB, the solution was centrifuged
twice at 10 000 rpm for 30 min during each cycle. Gold nano-
rods were characterized by UV-vis spectroscopy and trans-
mission electron microscopy (TEM).

Citrate-stabilized Au NPs with an average diameter of
∼13 nm synthesized according to literature procedures.24 In a
1 L round-bottom flask equipped with a condenser, 500 mL of
1 mM HAuCl4 was brought to a rolling boil with vigorous stir-
ring. Rapid addition of sodium citrate (50 mL, 38.8 mM) to the
vortex of the solution resulted in a color change from pale
yellow to burgundy. Boiling was continued for 10 min; the
heating mantle was then removed, and stirring was continued
for an additional 15 min. After the solution reached room
temperature, it was filtered through a 0.8 µm Gelman
membrane filter. The resulting solution of colloidal particles
was characterized by an absorption maximum at 520 nm.
Transmission electron microscopy (TEM) indicated a particle
size of 13 ± 1.7 nm (100 particles sampled).

Synthesis of AIE monomer, TPE-CHO.25 Briefly, 4-formylphe-
nylboronic acid (0.9 g, 6.0 mmol), bromotriphenylethylene
(1.675 g, 5.0 mmol), tetrakis(triphenylphosphine)palladium(0)
(0.31 g, 0.25 mmol), tetrabutylammonium bromide (TBAB,
0.01 g) and potassium carbonate (0.83 g, 6.0 mmol) were
added into a Schlenk tube. After deoxygenation, 25 mL of dis-
tilled THF and 3.0 mL deionized water were added into the
sealed tube by injection. The solution was kept stirring at
80 °C overnight. After that the mixture was poured into water
and extracted three times with ethyl acetate. The organic layer
was dried over anhydrous sodium sulfate. After removing the
solvent under reduced pressure, the residue was chromato-
graphed on a silica gel column with CH2Cl2/n-hexane (v/v =
1 : 2) as an eluent to give faint yellow powder with 78.1% yield.

Synthesis of MoS2 QDs.26 The MoS2 QDs were synthesized
through a one-step hydrothermal route with layered MoS2
materials (100 mg, Sigma-Aldrich) as the precursors. In a
typical procedure, MoS2 materials were dispersed in 40 mL of
water. After ultrasonication for 10 min, N2H4, as a reducing
agent,26 was added to the solution. Afterwards, the mixture
was transferred to a 50 mL poly(tetrafluoroethylene) (Teflon)
autoclave and maintained at 200 °C for 8 h. After being cooled
to room temperature naturally, the mixture was filtered
through a 0.22 μm microporous membrane, and the filtrate
was purified by dialysis in water. After that, solid samples were
obtained by evaporating the solvents.

Cellular internalization and intracellular trafficking. Human
breast cancer cells (MCF-7 cells) were cultured at 37 °C in 5%
CO2 in DMEM medium supplemented with 10% premium
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
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MCF-7 cells at 1 × 105 cells per well were seeded in 12 well-
plates with slides. After incubation for 24 h, the cells were
treated with a medium containing NRs (10 μg mL−1) and free
H2O2 (the detection limit of H2O2 was significant for different
matrix materials). After incubation for another 2 h, the cells
were washed three times with PBS. Then to each well was
added 500 μL of paraformaldehyde to fix the cells for 10 min.
Aqueous dispersion of MoS2 QDs or TPE was added at a final
sample concentration of 10 μg mL−1, respectively. After incu-
bation for a presupposed time, the cells were washed with cold
PBS more than three times. Finally, the images were obtained
using confocal laser scanning microscopy. The blue fluo-
rescence of polymeric assemblies from TPE moieties was
observed using a 405 nm laser with the emission channel set
to be 415–470 nm.

Characterization and instruments
1H NMR spectra were collected on a Bruker AVANCE III
400 MHz NMR spectrometer with d6-DMSO as the solvent.
Transmission electron microscopy (TEM) observations were
conducted on a JEM-2100 microscope operating at an acceler-
ating voltage of 120 kV. Electrospray ionization mass (ESI-MS)
spectra were recorded on an LCQ ESI-MS Thermo Finnigan
mass spectrometer. A Vario EL II elemental analyzer
(Elementar, Germany) was used to perform the elemental ana-
lysis. Gel permeation chromatography (GPC) was performed to
determine the polydispersity index (PDI) of the PEG-PGMA
using a PL-GPC 50 integrated GPC system equipped with a PL
aquagel-OH 308 μm 300 × 7.5 mm column and an internal
refractive index (RI) detector. The mobile phase was THF at a
flow rate of 1.0 mL min−1 at 25 °C. The fluorescence spectra
were recorded on a Horiba Jobin Yvon FluoroMax-4 NIR
spectrofluorometer. AFM measurements were performed on a
Bruker (Digital Instruments) Multimode Nanoscope IIID oper-
ating in the tapping mode under ambient conditions.
Confocal laser scanning microscopy (CLSM) images were
acquired using a LSM-710 microscope (Zeiss Inc., Germany).

Results and discussion
Synthesis and characterization of the drug Ge-di(HMPBA-pin)-
TPGS probe

The anti-cancer drug genistein (Ge) was judiciously selected as
the model drug because it has two reactive hydroxyl groups
(i.e. 4,7-hydroxyl groups)27 and is able to serve as a cross-
linker. The detailed synthetic route of Ge-diHMPBA is depicted
in Scheme S1.† HMPBA-pin was reacted with succinic an-
hydride first to afford HMPBA-pin-SA bearing carboxyl groups,
followed by the esterification with Ge in the presence of cata-
lytic DMAP/DIC in dichloromethane, giving rise to Ge-
diHMPBA with boronic acid moieties through a biodegradable
ester linkage. 1H NMR spectra (Fig. S1a and b†) clearly demon-
strate the structural evolution from HMPBA-pin-SA to Ge-di
(HMPBA-pin), evidenced by the alternating appearance of
carboxyl and hydroxyl groups. ESI-MS (Fig. S2†) was used to
monitor the accurate formation of product Ge-di(HMPBA-pin)
since this technique is capable of detecting the species result-
ing from either complete or incomplete coupling reaction.

It is well documented that two main driving forces for self-
assembly, hydrophobic interactions and hydrogen bonding,
are both present within amphiphilic molecules.28 Through the
intricately interconnected folding and assembly behavior of
amphiphilic molecules (TPGS), we obtained the polymer
nanorod (NR) (denoted as Ge-di(HMPBA-pin)-TPGS) via self-
assembly of amphiphilic copolymers consisting of TPGS and a
degradable Ge-di(HMPBA-pin) in a mixture of 1,4-dioxane and
water (1/9, v/v). Although each NR is a 1D hybrid drug-cross-
linker, it adopts a well-ordered and morphologically-defined
structure, as evidenced by transmission electron microscopy
(TEM) and atomic force microscopy (AFM).

Ge-di(HMPBA-pin)-TPGS NRs have a width of 0.3–0.6 µm
and an ultra-long length of 1–5 µm (Fig. 1a–c). The high-
resolution TEM (HRTEM) image (Fig. 1d) shows that many
bright areas with transparent film-shaped patterns exist on a
single NR, where the selected area electron diffraction (SAED)

Fig. 1 (a, b) TEM image of the Ge-di(HMPBA-pin)-TPGS nanorods. (c) Size distribution histogram of the nanorods according to TEM. (d) HRTEM
images of a single nanorod. (e) AFM image of the nanorods. (f ) The height profile along the dotted line in (e).
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pattern indicates its non-crystalline nature (inset of Fig. S3c†).
The AFM image reveals that the surface of the NRs is convex
with a thickness of ca. 10–30 nm (Fig. 1e and f). In addition,
Fig. S3a–c† shows the HRTEM image of NR, exhibiting a clear
rod-end structure formed by stacking (Fig. S3d†). By contrast,
only spherical micelles were obtained when the TPGS hydroxyl
terminated with acryloyl chloride (TPGS-A) into the assembly
system (Fig. 2a and Fig. S4†).29 The chemical structure of
TPGS-A was confirmed by 1H NMR (Fig. S5†) and ESI-MS
(Fig. S6†). This result indicates that the architecture of the NR
is likely to stem from the oxidative deprotection of boronate
moieties in HMPBA-pin-SA and the TPGS hydroxyl end. It
would combine into a repeating unit, followed by self-assembly
into an ordered 1D nanostructure based on functional build-
ing blocks, and the stacking orientation between the ester-
linked sheets, as illustrated in Fig. 2d.

To validate the essential role of the amphiphilic structure
in controlling its assembly morphologies, we constructed
several self-assembled architectures with a variety of drug
molecule bearing tunable structures. The resulting com-
ponents self-assembled into different morphologies, including
compound micelles (Fig. 2b and Fig. S7†), and nanoribbons
(Fig. 2c and Fig. S8†), mainly depending on the TPGS “shell”
of the primary micelles, as well as the subsequent assemblies
including the nanoribbons and NRs. These results showed
that NRs were formed via the reaction between terminal
hydroxyl groups and boric acid to afford macromolecular
assemblies or hydrogen-bonding interaction processes.
Specifically, the assembled structure first formed micelles,
which further assembled into nanoribbons, and finally the
nanoribbons stacked into NRs. To the best of our knowledge,
this intriguing phenomenon has never been reported in the
self-assembly of a drug-crosslinker and amphiphilic copoly-
mers before. This unprecedented architecture also brings us

new insights into the construction and the assembly mecha-
nism of the 1D nanostructure.

Encouraged by the successful synthesis of novel nanoarchi-
tectures, we explored the feasibility of the Ge-di(HMPBA-pin)-
TPGS NR as a highly sensitive detection system for H2O2 by the
dynamic light scattering (DLS) technique. Prior to H2O2

addition (∼20 nM), micelle dispersion (pH 7.4, 25 °C) exhibi-
ted a <Dh> of ∼60 nm and a size polydispersity (μ2/Γ

2) of
∼0.196 (Fig. 3a). Furthermore, molecular weights and poly-
dispersity of the micelles were determined by gel permeation
chromatography (GPC) (Fig. 3b). Interestingly, we found that
the molecular weight of NRs decreased significantly from
∼3600 to ∼1420 kDa after evolving to micelles, while poly-
dispersity remained unchanged. These results clearly demon-
strate that amphiphilic copolymers consisting of Vitamin-
TPGS were non-dissociated in response to H2O2, while, the
arylboronate moieties (Ge-di(HMPBA-pin)) with H2O2-reactive
feature were dissociated during polymeric assemblies.

Fig. 3 (a) Hydrodynamic diameter, Dh, distribution of dissociated
micelles in aqueous solution (0.5 mg L−1). Inset: Typical TEM image of
dissociated micelles. (Scale bar = 200 nm); (b) THF GPC trace recorded
for polymer nanorod (black line; Mn = 3.60 kDa, Mw/Mn = 1.32) and
micelle (red line; Mn = 1.42 kDa, Mw/Mn = 1.28).

Fig. 2 TEM image of (a) spherical micelles, (b) micelles, and (c) nanoribbons treated with different assembly systems. (Scale bar: 200 nm); (d) repre-
sentation of the stimuli-triggered sacrifice–regeneration polymer nanocarriers with the probe based on PBA functionalized-NRs.
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Colorimetric detection of H2O2 by polymer nanorods with Au
NRs, MoS2 QDs, and TPE aggregates

With initial success in designing the H2O2 detection system
in hand, we proceeded to investigate the crucial role played
by different stromal materials of Au NPs and Au NRs on the
arylboronate moieties (Ge-di(HMPBA-pin)) with H2O2-reactive
feature. H2O2-triggered aggregation of Au NPs can be quanti-
tatively determined by changes in the surface plasmon reso-
nance (SPR) bands. UV-vis spectroscopy was utilized to evalu-
ate the sensitivity of the colorimetric H2O2 assay. Upon the
addition of 120 equiv. of H2O2 (relative to Ge-di(HMPBA-pin
moieties)), the SPR band at 520 nm gradually decreases and
exhibits a slight red shift gradually until reaching a plateau
after ∼1 min, which is also accompanied by the appearance
and the dramatic increase in the intensity of a new absorp-
tion band at around ∼637 nm deriving from the inter-particle
coupled plasmon absorbance (Fig. S9a†).12,30,31 On the basis
of the results shown in Fig. S9,† we deduce that the gradually
increasing amount of H2O2 led to a more prominent red shift
of the absorption band, which can be qualitatively expressed
as the absorbance intensity ratio, A637/A520 (Fig. S9b†). An
almost linear H2O2 concentration dependence of the absor-
bance intensity ratio was observed at [H2O2] < ∼120 μM,

which matches well with the physiologically relevant concen-
tration of H2O2 (∼10–100 μM).32 If we arbitrarily define the
H2O2 detection limit as the concentration, at which a 10%
increase of the A637/A520 ratio can be achieved, the H2O2

detection limit is accordingly determined to be ∼15 μM
(∼0.68 mg L−1) under the current setup conditions of the
H2O2 colorimetric assay. It is comparable to those of small
molecule fluorescent probes based on aryl boronates.12,33 As
shown in Fig. S9c,† Au NPs remain well-dispersed in the
aqueous solution of polymer NRs, and display the character-
istic wine red color. As expected, TEM analysis of the purple
blue dispersion revealed the presence of aggregated Au NPs
(Fig. S9d†). It is noteworthy that the new absorption band at
∼637 nm is typically observed in highly aggregated Au NPs
with diameters of ∼13 nm.12,34 To maintain the consistency
of H2O2 assays, all aqueous mixtures were incubated for 5
seconds after the addition of H2O2 in subsequent
experiments.

Building on the above results, the construction of a colori-
metric sensing system for H2O2 was further investigated by
assessing the combination of Au NRs with a water-soluble self-
assembly polymer exhibiting selective H2O2-triggered tran-
sition from the non-dissociated state to the dissociated one
(Fig. 4a). As shown in Fig. 4b, Au NRs remain well-dispersed in

Fig. 4 (a) Schematic illustration of the construction of colorimetric sensing system for H2O2 via the combination of Au NRs with a water-soluble
self-assembly polymer exhibiting selective H2O2-triggered transition from the non-dissociated state to the dissociated one. (b, c) The TEM images
obtained by drying the two aqueous dispersions, and the corresponding aggregation of Au NRs (inset in (c)). (d) UV-vis spectra, recorded for the
aqueous colorimetric assay (3 nM of Au NRs and 1.5 μM polymer) upon adding varying amounts of H2O2 (0–150 equiv. relative to polymer moieties)
at pH 7.4 and 25 °C. (e) UV-vis spectra, recorded for the aqueous colorimetric assay (3 nM of Au NRs) upon adding various amounts of H2O2 (0–150
equiv. relative to polymer moieties) at pH 7.4 and 25 °C. (f ) UV-vis spectra recorded for the aqueous colorimetric assay (3 nM of Au NRs and self-
assembly NTs with [NTs] = 1.5 μM) upon adding various amounts of H2O2 at pH 7.4 and 25 °C. (g) UV-vis spectra recorded for the aqueous dispersion
(pH 7.4 and 25 °C) of Au NRs (3 nM) before and 1 h after the addition of H2O2 (20 nM, 100 nM, 500 nM).
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the aqueous solution of polymer NRs, as revealed by the
characteristic wine red color (inset in Fig. 4c). Upon addition
of the aqueous solution of 120 equiv. H2O2 relative to Ge-di
(HMPBA-pin moieties), the wine-red dispersion immediately
turns purple blue and finally becomes a black precipitate at
the bottom. Correspondingly, TEM analysis of the black pre-
cipitate revealed the presence of aggregated Au NRs (Fig. 4c
and the inset in Fig. 4c). These results clearly demonstrate that
the emergence of a large amount of Au NRs enriched in
micelle surfaces exhibits the characteristic colorimetric tran-
sitions for H2O2 detection. With the addition of H2O2, the UV-
vis absorption blue shifts and a new single peak arises at
580 nm (Fig. 4d and f). As the control group, the wine-red Au
NR dispersion exhibits a characteristic SPR band at ∼520 nm
and 765 nm, which remains nearly unchanged upon the
addition of H2O2 (Fig. 4e and g). It indicates that no reaction
occurred between Au NRs and H2O2, presumably due to the
fact that there is no specific interaction between Au NRs and
the neutral polymer NR. By contrast, the addition of the H2O2

aqueous solution (120 equiv. relative to Ge-di(HMPBA-pin resi-
dues)) in the presence of Au NRs and polymer assemblies
leads to a rapid color change from a red dispersion to purple
blue and finally black, demonstrating a sensitive and rapid
detection for H2O2 with the naked eye. As expected, TEM ana-
lysis of the purple black dispersion reveals the presence of
aggregated Au NRs. The above results confirmed our design
strategy shown in Fig. 4a, in which H2O2-triggered a morpho-
logical transformation of polymer NRs into micelles and the
dispersion containing aggregated Au NRs exhibits the charac-
teristic colorimetric transitions for H2O2 detection.

On the basis of the above results, we have successfully fabri-
cated a highly sensitive colorimetric H2O2 detection system by
combining Au NPs or Au NRs with a novel type of the second-
ary assembly, which exhibits H2O2 triggerable transformation
from the initial non-dissociated NR state into the secondary
structure of micelles via the deboronation of HMPBA-pin-SA.

Moreover, owing to the superior selectivity of H2O2 over other
ROS toward the deboronation of aryl boronate moieties, the as-
obtained H2O2 assay possesses combined advantages of high
sensitivity, selectivity, and ease of fabrication. More impor-
tantly, the current colorimetric assay offers a facile and cost-
effective readout of low concentrations of H2O2 (20 nM for Au
NRs) even with the naked eye, which outperforms the pre-
viously reported H2O2 assay protocols employing fluorometric
or electrochemical techniques.12,31,35–40

Characterization of the MoS2 QDs

To evaluate the efficacy of aggregation triggered by H2O2, we
prepared MoS2 QDs from the MoS2 sheet following a hydro-
thermal approach.26 The TEM image of MoS2 QDs shows an
average diameter of 2 ± 0.5 nm (Fig. 5a and b). Moreover, the
lattice fringe spacing (0.21 nm) observed from the HRTEM
image (inset of Fig. 5a) matches well with the (006) lattice
planes of MoS2.

41,42 The addition of H2O2 leads to the rapid
aggregation of MoS2 QDs, which was indicated by their enrich-
ment formation on the surface of micelle (Fig. 5c and
Fig. S10a,b†). The TEM image (Fig. 5d) indicates that the
aggregated MoS2 QDs have much larger diameters (ca.
19–150 nm) than those of free MoS2 QDs. In addition, DLS
data of the aggregated MoS2 QDs showed monodisperse par-
ticles (Fig. S10c†) with a size of 60 (±5) nm. Interestingly, the
aggregated MoS2 QDs display an enhanced intensity of UV-vis
absorption and the photoluminescence (PL) (Fig. 5e and f) in
comparison to the free MoS2 QDs. Moreover, the PL intensity
of MoS2 QDs increased steadily upon the treatment with H2O2,
indicating the potential of such fluorescent MoS2 QDs as H2O2

sensors.26,43,44 Fig. S11† shows the PL spectra of the MoS2 QD
solution and aggregated MoS2 QDs under different excitation
wavelengths. The PL peak redshifts from 380 to 520 nm
(2.38–3.27 eV) as the excitation wavelength increased from 280
to 440 nm. Obviously, the photoenergy of the emission was
beyond the band-gap of single-layer MoS2 (1.9 eV), indicating

Fig. 5 (a) TEM image of the MoS2 QDs, the inset is an HRTEM image of an individual MoS2 QDs. (b) Size distribution histogram of MoS2 QDs accord-
ing to TEM. (c) TEM image of the aggregated MoS2 QDs. (d) Size distribution histogram of the aggregated MoS2 QDs. (e) UV-Vis absorption and (f )
photoluminescence (PL) spectra of MoS2 QDs and aggregated MoS2 QDs.
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an expanded energy gap upon aggregation of MoS2. Moreover,
the quantum yield of the aggregated MoS2 QDs was measured
to be about 15% (Table S1, ESI†), which is much higher than
that of MoS2 QD solution (8%).41

It is reported that the strong, excitation-dependent PL was
due to the quantum confinement effects endowed by the size
distribution of MoS2 QDs.

41,45 That is, the enhanced emission
of the luminescence center is mainly attributed to the aggre-
gates of MoS2 QDs with micelles. The main reason lies in the
fact that after the secondary self-assembly to form micelles,
the emergence of a large amount of MoS2 QDs enriched in
micelle surfaces increases the PL intensity (Fig. 6a), whereas
negligible emission is detected for the untreated control
(Fig. 6b). Moreover, for micelle-decorated MoS2 QDs co-
assembled from H2O2-induced stimuli-triggered transition, the
entire cell exhibits bright blue, green, and red fluorescence.
Confocal laser scanning microscopy (CLSM) images reveal a
gradual increase in emission intensities with co-incubation
time for aggregated MoS2 QD-pretreated MCF-7 cells (Fig. 6d),
whereas negligible emission was detected in the untreated

control (Fig. 6c). In addition, the red channel emission inten-
sity exhibits a ∼2.1-fold increase for aggregated MoS2 QDs pre-
treated in vitro, as compared to the untreated control (Fig. 6e).
Quantitative analysis reveals that blue channel emission inten-
sities increased by ∼2-fold (2 h incubation) in aggregated MoS2
QD-pretreated MCF-7 cells, as compared to untreated MCF-7
cells (Fig. 6f). On the basis of the above results, the MoS2
QDs deposited on the surface of micelles, form a state of
aggregation and offer new scientific insights into the PL
enhancement mechanism with treatment of H2O2. We
envisage that the MoS2 QDs showing aggregation-induced
photoluminescence enhancement hold great promise as fluo-
rescent probes for cell imaging and H2O2 sensing in a physio-
logical environment.

Inspired by the above examples, we further attempted to
assemble the aggregation induced emission (AIE) fluorescent
small molecules with a highly sensitive stimuli-triggered
polymer for specific fluorescence cell imaging. As a representa-
tive AIE example, tetraphenylethene (TPE) is selected because
of its facile preparation, good photo-stability, tailorable

Fig. 6 (a, b) Representative of a dramatic stimuli-triggered open/close switchable complexation and apparent colorimetric transitions in vitro. (The
scale bars are 200 nm) CLSM images of blue (excited at 405 nm and collected between 450 and 500 nm), red (excited at 543 nm and collected
between 590 and 650 nm), and green (excited at 488 nm and collected between 510 and 550 nm) channels. (c, d) Representative green channel
(520 ± 20 nm), blue channel (450 ± 20 nm) and red channel (590 ± 20 nm) CLSM images (scale bar: 20 μm) recorded for MCF-7 cells upon 2 h co-
culture; note that the cells were pretreated (c) without aggregation or (d) with aggregation (200 nM) for 2 h. (e) Normalized red channel emission
intensities and (f ) normalized blue channel emission intensities quantified from CLSM results.
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functionalization, and high luminescence efficiency.46–49 The
enrichment of small AIE molecules on the surface of micelles
would offer a potent strategy to extend the circulation lifetime
as micelle-based agents and reduce the potential cytotoxicity.
Compound TPE-CHO was synthesized using a previously
reported method,46 and the successful synthesis of com-
pounds was confirmed by 1H NMR (Fig. S12†). TPE-CHO dis-
plays weak emission in aqueous solution (Fig. 7a), but its

optical properties follow the typical behavior of AIE probes
upon the addition of 200 nM H2O2 (Fig. 7b). To our delight,
the emission intensity increased by up to 6-fold compared to
that in pure aqueous solution, when the self-assembly polymer
underwent a morphological transition from the initial non-dis-
sociated state in the NRs into the secondary structure of
micelles (Fig. 7e). Interestingly, the enriched luminescent
micelles display enhanced luminescence intensities, good

Fig. 7 (a, b) Formation and self-assembly of the TPE-loaded aggregate polymers in vitro. CLSM image of the blue channel (excited at 405 nm and
collected between 450 and 500 nm). The scale bars are 500 nm. (c, d) Representative blue channel (450 ± 20 nm) CLSM image (scale bar: 20 μm)
recorded for MCF-7 cells upon 2 h co-culture; note that the cells were pretreated (c) without aggregation or (d) with aggregation (200 nM) for 2 h.
(e) Normalized blue channel emission intensities and (f ) normalized blue channel emission intensities quantified from CLSM results. (g) Stimuli-trig-
gered open/close switchable complexation between a novel type of secondary assembly aggregation polymer for the sensitive colorimetric detec-
tion of hydrogen peroxide.
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stability and enhanced quantum yield for fluorescence cell
imaging compared to that in pure co-incubation for AIE
(Fig. 7c). H2O2-induced emission turn-on of AIE moieties
enriched on the micelle surface was further visualized inside
MCF-7 cells by CLSM images (Fig. 7d). Blue channel emission
intensities exhibit a ∼6-fold increase after 2 hours of co-incu-
bation for AIE-enriched MCF-7 cells, as compared to the
untreated control (Fig. 7f). Fig. S13† shows the digital photo-
graphs of TPE on the micelle surfaces in the faint yellow
powder stored at room temperature. These observations
support our proposed mechanism shown in Fig. 7g that the
increase of PL intensity is ascribed to the formation of AIE
aggregates as a result of the intense and exclusive combination
of AIE on the micelle surfaces, which results in a dramatic
stimuli-triggered open/close switchable complexation and
apparent colorimetric transitions in vitro and in live cells.
Furthermore, we verified that both ferritin (Fig. S14a and b†)
and copper ions (Cu2+) (Fig. S14c and d) could be gathered
under the stimulation conditions of H2O2. We envisage that
this proof-of-concept example can be further generalized to
the design of a variety of other sensing systems by taking
advantage of alternate trigger-specific sacrifice-aggregated
building moieties.

Conclusion

In summary, we, for the first time, have rationally developed
elaborate and ultra-long polymer NRs via a facile self-assembly
of Ge-di(HMPBA-pin) and TPGS. Thanks to these polymer
NRs, a great variety of hybrid H2O2-responsive carriers contain-
ing various nanoparticles with distinct shapes (Au NPs, Au
NRs, MoS2 QDs), metal ion (Cu2+), protein (ferritin) and fluo-
rescent small molecule (TPE) were successfully created. The
assemblies of the as-obtained polymer NRs exhibit not only
quantitative and remarkably sensitive colorimetric detection of
H2O2, but also stimuli-triggered transition from the initial
non-dissociated state of NRs into the secondary structure of
micelles by co-incubation with H2O2. This morphological
transformation readily induces the aggregation of Au NPs, Au
NRs, MoS2 QDs, Cu2+, ferritin, TPE and results in a dramatic
stimuli-triggered open/close switchable complexation and
apparent colorimetric transitions in vitro. The secondary struc-
ture-induced aggregations pave new avenues for developing
novel self-assembly nanoarchitectures with multifunctional
applications. Intrigued by this, exploring the potential of
using polymer NRs to protect the cells from glutamate toxicity
by preserving the integrity of the mitochondrial structure
and function is currently underway in our laboratory (Fig. S15
and S16†)
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