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ABSTRACT: Nanoparticles that possess unique structures
and properties are highly desired in the production of
multifunctional materials because of their combinational
performance. In this study, a facile and effective fabricating
strategy is developed to controllably prepare fluorescent
hollow mesoporous silica nanorods via the cetyltrimethylam-
monium bromide (CTAB) and tetraphenylethene (TPE)
luminogen-functionalized gemini surfactant (Crpg—Cg—Crpg)
guided dual-templating approach. Because of its unique
chemical structure, water solubility, surface activity, and
fluorescent properties, the designed Crpg—Cys—Crpg will not
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only provide an anchored fluorophore for silica nanoparticles but also serve as an intimate partner of CTAB to regulate their
construction in the structure-directing process. By properly tuning the molar ratio of CTAB/Cpg—Cs—Crpg, the shape-
controlled aggregation-induced emission hollow mesoporous silica nanoparticles (AIE-MSNs) can be prepared directly,
producing two kinds of silica nanorods (AIE-MSNs-15 and AIE-MSNs-7). In particular, the incorporated bulky TPE
luminogens will not only endow AIE-MSNs-7 with enhanced fluorescence intensity (2.3-fold) after the removal of CTAB but
also bring about high accessible surface area (606.6 m*/g) and larger pore size (3.2 nm) and pore volume (0.634 cm?/g) for
effective loading and sustained release of the hydrophobic anticancer drug camptothecin. Cpg—Cs—Crpg enriches the family of
gemini surfactants and provides important insights into the convenient fabrication of advanced fluorescent mesoporous

materials.

1. INTRODUCTION

Multifunctional nanoplatforms, which integrate various func-
tional components into a single system, have been in the
spotlight of producing theranostic nanomedicines for early
diagnosis and therapies of cancer." Remarkable achievements
have been made in the design and fabrication of various
nanoplatforms such as polymers, liposomes, dendrimers,
nanogels, and other hybrid nanomaterials.' > Among the
various materials that have been proposed for preparing smart
nanoplatforms, silica nanoparticles (SNs) are among the most
promising candidates for the integration of designated
modalities and functionalities by virtue of their intrinsically
attractive properties including rigid structure, ideal chemical
stability, tunable pore structure, ease of surface functionaliza-
tion, and good biocompatibility."”" As a well-developed
nanoplatform, mesoporous SNs (MSNs) have numerous
advantages that include stable structures, abundant mesopores,
high specific surface areas, and large pore volumes.* ' The
incorporation of anticancer drugs, targeting molecules, and
stimuli-responsive elements with MSNs enables guided
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delivery and release in targeted cells.'' With advances in
synthetic nanoscience and nanotechnology, hollow MSNs have
been proposed to optimize the structure of SNs and expand
their application areas.'””'* The well-defined hollow MSNs
can provide both capacious interiors and intact porous shells,
affording high storage/adsorption capacity and accessible
mesoporous channels for mass transfer and diffusion, which
are beneficial for sustained-release behavior and synergistic
effects with guest molecules.">~"® The controllable MSN's with
hollow or rattle structure are considered to be ideal drug-
delivery vehicles, offering additional possibilities for the
tailoring of material properties toward a broad range of
applications.'**’

The recently emerged aggregation-induced emission fluor-
ogens (AlEgens) have sparked increasing research interest in
biosensing and imaging because of their unique advantages
such as low background interference, a high signal-to-noise
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Scheme 1. (a) Synthetic Route of the TPE-Functionalized Gemini Surfactant Cypg—Cs—Crpg (4) and (b) Schematic
Ilustration of the Main Procedures in the Fabrication of AIE-MSNs
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ratio, and superior photostability with activatable therapeutic
effects.”’ Compared with conventional fluorophores, the AIE
effect offers a timely remedy to tackle the challenge of
notorious aggregation-caused quenching (ACQ) and provides
new degrees of freedom for real-time, on-site, and noninvasive
visualization.”” ** With regard to the construction of multi-
functional nanoplatforms and ultimately advanced materials,
great efforts have recently been made to integrate AIEgens
with silica moieties into one nanostructure so as to develop a
new family of functional composite nanomaterials for sensitive
optical sensing and efficient therapy.”””* Physical blending is a
simple and facile synthetic approach to generating AIEgens-
functionalized SNs (AIE-SNs) by doping AIE molecules within
the silica matrix.” Wei and co-workers have made the first
attempt to integrate cell imaging with cancer therapy in one
AIE-MSNs system via the one-pot coassembly of cetyltrime-
thylammonium bromide (CTAB), a silica source, and
hydrophobic AIE molecules.” Undesirably, leakage of the
dopants from the AIE-MSNs may happen because of weak
interactions between the organic and inorganic phases,
resulting in the inevitable decrease of the fluorescence
intensity. Besides, the reported literatures involved only the
preparation of ordinary nonhollow spherical AIE-MSNs or
AIE-SNs because of the lack of effective directing in the sol—
gel process. The chemical-bonded hollow AIE-MSNs have also
been developed to overcome the above-mentioned draw-
backs.”*° However, their preparation procedures are rather
complex and mainly rely on multistep improvement based on
the existing nanostructure, which is not favorable in large-scale
applications. It is urgent to overcome these limitations and

develop a new straightforward method for the facile and
controllable preparation of hollow AIE-MSNs.

Surfactants play a critical role in controlling the morphology,
pore size, surface area, and dimension when preparing SNs by
a template-directed method.”’~*’ Among the various surfac-
tants currently available, gemini surfactants, as a new class of
surfactants containing one unique structure of two amphiphilic
moieties connected with a spacer, have always been considered
to be promising stabilizers and structure director agents for the
preparation of various nanomaterials because of their better
interfacial properties, miscellaneous aggregate morphologies,
charged head groups, and lower critical micelle concentrations
(CMCs).**~* In our previous work, the improved gemini
surfactant C;s—TPE—C,4 with a tetraphenylethene (TPE)
luminogen-functionalized spacer, together with conventional
CTAB, was successfully employed to prepare hollow AIE-
MSNG.”* Although the obtained hollow AIE-MSNss exhibit less
uniform morphologies, small mesopores of 2.8 nm, and
unfavorable weakening of the fluorescent intensity after the
removal of CTAB, they inspired us to pursue more suitable
gemini surfactants to improve their structures and properties.

Herein, we designed and synthesized a new TPE-function-
alized gemini surfactant (Scheme 1la, denoted as Cppp—Ce—
Crpg) to serve as an intimate partner of CTAB for the simple
and controllable fabrication of hollow AIE-MSNs. The TPE
luminogens connecting at the tails endowed Crpr—Cs—Crpg
with unique surface activity, stability, sensitivity, and AIE
effect, bringing about simultaneous photoluminescence in the
dispersed, aggregated, and solid states. With the help of Crpg—
Cs—Crpg and CTAB, a facile and effective bottom-up
coassembled strategy is developed to controllably prepare
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AIE-SNs in H,O, followed by an extraction process to generate
AIE-MSNs with abundant mesoporous and enhanced fluo-
rescence (Scheme 1b). The designed Cppg—Cy—Crpp will not
only provide an anchored fluorophore for AIE-SNs and AIE-
MSNs but also cooperate with CTAB to regulate their
construction as structure-directing agents. By proper tuning
of the molar ratio of CTAB/Crpg—C4—Crpg, the shape-
controlled AIE-MSNs with improved structures and fluores-
cent properties can be prepared directly. Additionally, the
delivery of the hydrophobic anticancer drug camptothecin
(CPT) was further performed to evaluate the drug loading and
release behavior of the resultant hollow AIE-MSNs.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. Zinc dust, benzophenone, 4-
hydroxybezophenone, 1,10-dibromodecane, 1,6-dibromohexane, di-
methylamine (33%), and camptothecin (CPT) were purchased from
Aladdin. TiCl,, K,CO;, NaOH, CH,Cl,, Na,SO,, ethanol, methanol,
acetone, pyridine, ethyl acetate, petroleum ether, tetrahydrofuran
(THF), hydrochloric acid (HCl), tetraethylorthosilicate (TEOS), and
cetyltrimethylammonium bromide (CTAB) were purchased from
Sinopharm Chemical Reagent Co. All reagents were of analytical
grade and were used without further purification. H,O was purified by
a Milli-Q system (Millipore, Molsheim, France) and used in all of the
experiments.

IR spectra were recorded in the range of 4000—400 cm™" using KBr
pellets on a Thermo Nicolet 5700 spectrophotometer. 'H and "*C
NMR were obtained from a Bruker Ascend-400 MHz spectrometer
using CDCl; or dimethyl sulfoxide (DMSO)-d; as a solvent.
Electrospray ionization mass spectrometry (ESI-MS) spectra were
recorded on a LCQ_spectrometer (Finnigan, USA). UV—vis spectra
were measured on a Shimadzu UV-2600 spectrophotometer.
Fluorescence spectra were obtained on a RF-5301PC fluorescence
spectrometer (Shimadzu, Japan) with the slit of 3.0 nm. The field-
emission scanning electron microscopy (FESEM) was performed on a
Zeiss Sigma field-emission scanning electron microscope (20 kV).
Transmission electron microscopy (TEM) images were recorded on a
JEM-2100 microscope (200 kV). The surface tension values were
measured following the Wilhelmy plate procedure at 25.0 °C with a
QBZY-2 tensiometer (Fangrui Corp., China). Electrical conductivity
was performed at 25.0 °C with a WITW conductivity meter (inoLab
Cond730, Germany). The nitrogen adsorption—desorption isotherms
were carried out on a Micromeritics ASAP 2020 system (USA) at 77
K. The Brunauer—Emmett—Teller (BET) method was conducted to
calculate the specific surface areas. The Barrett—Joyner—Halenda
model was utilized to calculate the pore-size distributions from the
desorption branches of the isotherms.

2.2. Preparation of the Cqpg—C¢—Cqpg. The TPE-functionalized
gemini surfactant Cppg—Cg—Crpg was synthesized according to the
procedures described in Scheme la.

(i) The synthesis of compound 1 was performed by the powerful
McMurry reaction as reported previously.”® Yield: 61%. 'H NMR
(400 MHz, DMSO-dy): & 9.38 (s, 1 H), 7.16—7.04 (m, 9 H), 6.92—
6.98 (m, 6 H), 6.72—6.75 (d, 2 H), 6.49-6.52 (d, 2 H).

(ii) Synthesis of compound 2: Compound 1 (0.0560 g, 0.16 mmol)
and K,CO; (0.066 g, 0.48 mmol) were mixed in acetone (20 mL).
Then, 1,10-dibromodecane (0.096 g, 0.32 mmol) was added dropwise
after stirring for 30 min. The resulting mixture was refluxed for 8 h
[monitored by thin-layer chromatography (TLC)] and cooled to
room temperature. After filtration of insoluble K,CO; and vacuum
distillation, the crude product was purified by silica gel chromatog-
raphy with petroleum ether/ethyl acetate [20:1 (v/v)] as the eluent.
The final product was obtained as a yellowish oil. Yield: 76%. 'H
NMR (400 MHz, CDCl;): § 6.99—7.14 (m, 15 H), 6.89—6.93 (m, 2
H), 6.59—6.64 (m, 2 H), 3.86 (t, 2 H), 3.41 (t, 2 H), 1.89 (m, 2 H),
1.72 (m, 2 H), 1.30—1.42 (m, 12 H). *C NMR (400 MHz, CDCl,):
5 157.70, 144.05, 140.61, 139.98, 135.90, 132.55, 131.45, 127.62,

126.24, 113.56, 67.78, 34.15, 32.86, 29.49, 29.47, 29.41, 29.34, 28.80,
2821, 26.09.

(iii) Synthesis of compound 3: Compound 2 (0.30 g, 0.53 mmol)
and K,CO; (0.073 g 0.53 mmol) were added to a S0 mL round-
bottom flask with ethanol (20 mL). Then, dimethylamine (0.048 g,
1.06 mmol) was added slowly to this solution. After that, the reaction
mixture was heated with refluxing for 15 h (monitored by TLC) and
cooled to room temperature. The solution was concentrated, the
residue was poured into a NaOH aqueous solution (20 mL, 1 M), and
the product was taken up with ethyl acetate. The organic layer was
collected and dried with anhydrous Na,SO,. The crude product was
purified by column chromatography with ethyl acetate/methanol
[15:1 (v/v)] as the eluent to obtain the target compound (yellow oil).
Yield: 90%. '"H NMR (400 MHz, CDCl;): § 6.99—7.14 (m, 15 H),
6.89—6.93 (m, 2 H), 6.60—6.64 (m, 2 H), 3.86 (t, 2 H), 3.24 (m, 2
H), 3.18 (s, 6 H), 1.86 (m, 2 H), 1.73 (m, 2 H), 1.30—1.43 (m, 12
H). *C NMR (400 MHz, CDCL,): § 157.59, 143.98, 140.51, 139.91,
135.84, 132.47, 131.33, 127.55, 126.17, 113.48, 71.6S, 67.71, 58.32,
55.38, 29.37, 29.31, 29.28, 29.26, 26.60, 26.01, 23.89.

(iv) Synthesis of Crpr—C¢—Crpg (compound 4): Compound 3
(0.90 g, 1.69 mmol) and 1,6-dibromohexane (0.17 g, 0.70 mmol)
were dissolved in ethyl acetate (20 mL). Then, the reaction was
allowed to stir and reflux for 4 days. After the reaction cooled to room
temperature, the resulting mixture was filtered to obtain a white
precipitate (crude product). The collected product was further
washed with ethyl acetate and recrystallized from ethyl acetate/
ethanol at least three times to get the purified product as a white solid.
Yield: 68%. '"H NMR (400 MHz, CDCL,): § 6.97—7.09 (m, 30 H),
6.86—6.91 (m, 4 H), 6.57—6.62 (m, 4 H), 3.83 (t, 4 H), 3.69 (m, 4
H), 347 (m, 4 H), 3.36 (s, 12 H), 1.98 (m, 4 H), 1.70 (m, 8 H),
1.27—-1.40 (m, 28 H). 3°C NMR (400 MHz, CDCL): & 157.58,
143.96, 140.50, 139.90, 135.81, 132.46, 131.29, 127.54, 126.17,
113.48, 67.69, 64.63, 64.05, 50.97, 29.37, 29.33, 29.29, 29.27, 29.25,
2628, 26.02, 24.45, 22.85, 21.65. IR (KBr, cm™"): 3021 (m), 2925
(vs), 2854 (s), 1604 (s), 1508 (vs), 1470 (s), 1393 (m), 1244 (vs),
1176 (s), 1029 (m), 809 (w), 730 (m), 701 (vs). UV—vis: 4, = 319
nm. ESI-MS (CH,;0H, m/z): [M — Br]*, calcd 1227.6, found 1227.5;
[M — 2Br]**/2, caled 573.9, found 573.9.

2.3. Preparation of the AIE-MSNs, CTAB-MSNs, MSNs-15,
and MSNs-7. AIE-MSNs were prepared by two steps according to
our previous report.”” Briefly, CTAB and Crpy—Cg—Crp With a total
amount of 0.137 mmol were first dissolved in ultrapure H,O (25 mL).
The molar ratio of CTAB and Cppg—Cs—Crp was as follows:
CTAB:Crpg—Ce—Crpg = n:1 (n = 40, 35, 30, 25, 20, 15, 10, 7, and 5).
Then, the aqueous solution of NaOH (0.180 mL, 2.00 M) was
introduced into the mixed solution. The temperature of the mixture
was adjusted to 80 °C and kept for 30 min. Subsequently, TEOS
(0.50 mL, 2.24 mmol) was added dropwise under vigorous stirring.
The mixture was allowed to react for 4 h to give a white precipitate.
The obtained product was collected by centrifugation and washed
with H,O and ethanol several times to yield AIE-SNs. Finally, the
synthesized AIE-SNs (0.5 g) were refluxed in a solution of ethanol
(50.0 mL) and HCI (3.0 mL, 37.4%) for 24 h to remove CTAB. The
obtained product was collected by centrifugation, washed with H,O
and ethanol, and dried at 35 °C in a vacuum to yield the AIE-MSNs.
Additionally, the preparation of comparing CTAB-SNs and CTAB-
MSNs was performed with the individual CTAB under the same
procedure as that described above.

The surfactant template in SNs can be completely removed by the
calcination treatment.'* In order to calcine out the encapsulated
Crpg—Cs—Crpg component in AIE-SN, the obtained AIE-MSNs-15
and AIE-MSNs-7 were further subjected to thermal treatment at 600
°C for 8 h in air, and the corresponding products were designated as
MSNs-15 and MSNs-7, respectively.

2.4. In Vitro Drug Loading and Release. To evaluate the drug
loading capacity of AIE-MSNs, CPT was used as a model guest
molecule in the experiment and the process was performed according
to the reported literature.” Briefly, 40 mg each of AIE-MSNs (AIE-
MSNs-15 or AIE-MSNs-7) and MSNs (MSNs-15 or MSNs-7) were
respectively dispersed in the solution of CPT (5 mL, S mg/mL) in
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Figure 1. (a) Plot of the surface tension (y) versus log(C) for Cpg—C4s—Crpg. (b) Plot of the conductivity (k) versus the concentration of Cppg—
Cg—Crp- (c) Fluorescence spectra of Cpps—Cg—Crpg in aqueous solution with the concentration increased from 2 to 180 uM (4., = 340 nm). (d)
Plot of the fluorescence intensity of Crpg—Cs—Crpg at 475 nm versus the corresponding concentration in part c. (e) Fluorescence photographs of
Crpg—C¢—Crpg in aqueous solution at concentrations from 0 to 180 uM with UV irradiation (365 nm) from the top.

phosphate-buffered saline (PBS, pH = 7.4) and stirred for at least 24 h
in darkness, followed by centrifugation and washing extensively with
PBS to achieve the drug-loaded AIE-MSNs-CPT (AIE-MSNs-15-
CPT or AIE-MSNs-7-CPT) and MSNs-CPT (MSNs-15-CPT or
MSNs-7-CPT). The CPT amount in the supernatant and washed
solutions was collected and measured using UV—vis spectroscopy at
368 nm to determine the residual CPT content (Rcpr, mg). The CPT
loading capacity (Q) was evaluated with the loaded CPT mass per
gram of AIE-MSNs and later calculated according to the reported
equation as follows: Q (mg/g) = (25 — Rcpr)/0.04.

For drug release assay, 40 mg each of the samples (AIE-MSNs-15-
CPT, AIE-MSNs-7-CPT, MSNs-15-CPT, and MSNs-7-CPT) were
respectively immersed in PBS (20 mL, pH = 7.4) and incubated in a
shaker at 37 °C. At certain time intervals, 3 mL of the supernatant
PBS was taken out by centrifugation to test the drug-released
concentration by virtue of a UV—vis absorption technique and then
returned to the original release media. To better understand their
release behavior, the samples were further incubated by constant fresh

PBS instead of the tested supernatant to get the release curve. A total
of 8 mg of the sample (AIE-MSNs-15-CPT, AIE-MSNs-7-CPT,
MSNs-15-CPT, or MSNs-7-CPT) was dispersed into 3 mL of PBS
release media, and then the releasing process was performed in the
dark at 37 °C. The supernatant was taken out by centrifugation and
replaced by another 3 mL of fresh PBS every 2 h. The UV—vis
absorbance of the obtained supernatant was measured as well at 368
nm to monitor the CPT release.

3. RESULTS AND DISCUSSION

3.1. Surface Activity of Cypg—Cg—Cipg. The surface
activity of Cppg—Cs—Crpg was evaluated through measure-
ment of their surface tension in aqueous solution, which can be
employed to evaluate the CMC. As shown in Figure 1a, the
surface tension (y) is plotted against the different concen-
trations (log C) of Crpg—C¢—Crpg. At low concentration, the
surfactant unimers were preferentially adsorbed at the air—
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Figure 2. (a) Time-dependent evolution of the fluorescence intensity of Cppy—C4s—Crpy at different concentrations. (b) Photostability of Crpg—
C¢—Crpg upon continuous UV excitation at different concentrations. I, is the initial fluorescence intensity at 475 nm, and I is the fluorescence
intensity of the samples after UV irradiation. (c) Plot of the fluorescence intensity of Cppp—Cgs—Crpp (50 uM, 2.5 mL) at 475 nm versus the
introducing volume of the CTAB solution with different concentrations. (d) Plot of the fluorescence intensity of C1p—Cg—Crpg (S0 #M) versus
the concentration of CTAB in the mixture at a fixed volume. (e) Fluorescence spectra of Cppy—Cg—Crpg in a H,O/THF mixture (50 M) with
different THF volume fractions (vol: 0—90%). (f) Plot of the fluorescence intensity of Cpy—Cgs—Crpg at 475 nm versus the different THF volume
fractions in part e. Inset: Photographs of C1pr—C¢—Crpg (S0 M) in a H,O/THF mixture under 365 nm UV irradiation.

H,O interface, thus leading to a decrease of the surface
tension. In general, the initial adsorption of the surfactant at
the air—H,O interface will reach a saturation state as the
concentration continued to increase and then the surface
tension came to a balance state accompanied by the formation
of micelles. However, because of the strong hydrophobicity
and possible 7—n stacking of the TPE moieties, Crpg—C4—
Crpg can be continuously adsorbed at the air—H,O interface
after the break point, resulting in a constant decrease of the
surface tension. The CMC of Crpg—Cy—Crpr determined
from the inflection point in the surface tension curve is 21 uM,
which is much lower than that of CTAB (880 yM).34 On the
other hand, the electrical conductivity method was also
performed to determine the CMC value of Cppg—Cys—Crpp.
A plot of the conductivity (x) versus the different
concentrations (C) of Cppr—Ce—Crpg is shown in Figure 1b.
Initially, the solution conductivity increased linearly with a
higher slope at the low concentration. This straight line was
observed with a decreased slope when the concentrations of
Crpr—Cs—Crpg were above 21 uM, ascribed to the fact that

the ionic micelles have less charge per unit mass than their
unimers.”> The breakpoint at 21 4M was considered to be the
CMC of Cypg—C4—Crpg and matched well with that obtained
from the surface tension measurement.

3.2. Optical Properties of Cypg—Cs—Cipg. The optical
properties of Crpp—Cs—Crpg were investigated by UV—vis
absorption and fluorescence spectroscopy. Two characteristic
peaks at about 248 and 319 nm were observed in their
absorption spectra (Figure Sla), which were assigned to
absorption of the phenyl groups and the conjugated TPE.***’
Meanwhile, their intensities increased linearly with the
concentration of Crppg—Cg—Crpg in the range from 0 to 150
uM (Figure S1b). It was noted that the maximum absorption
peak position at 319 nm remained unchanged as the
concentration increased, indicating that the conformation of
Crpg—C¢—Crppg molecules did not depend on the micelle
aggregates like other reported TPE derivatives.’®

Photoluminescence of Cppg—Cg—Crpp was determined by
the restriction degree of intramolecular rotation (RIR) of
propeller-shaped phenyl rings, which will block the non-
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radiative pathway and open up the radiative decay channel.”

On the basis of the RIR mechanism, the light-up fluorescence
behavior of Cppg—Cys—Crpg can be realized effectively in the
polar aqueous solution because of their excellent water
solubility. The fluorescence emission spectra of different
concentrations of Cppp—Ce—Crppg in aqueous solution are
shown in Figure lc. Although their maximum emission peak
position remained at 475 nm (typical TPE pattern of light) as
the concentration increased, the intensity cannot keep
increasing as the concentration increased. As shown in Figure
1d, the fluorescence intensity at 475 nm was plotted versus the
corresponding concentration of Crpg—Cg—Crpg. Three
straight lines with different slopes and two inflection points
at 20 and 54 uM were found, suggesting the changing
aggregation states of Crpg—Cy—Crppg in an aqueous solution.
The fluorescence intensity increased linearly with a higher
slope at the low concentration, and then the speed slowed after
the first inflection point. The decrease in the slope may be
ascribed to combined effects including the weakening of RIR,
inner filter effect, and some other uncertain effects.’” The TPE
units may get more freedom in the nonpolar interior of the
micelles than the outside aqueous environment. The inner
filter effect could also happen if the absorbing molecules were
at high concentration, inducing the disproportional increase of
the photoluminescence intensity with the concentration. This
special inflection point at 20 #M was determined as the CMC
of Cppg—C4s—Crpg, which matched well with that obtained
from the surface tension and conductivity measurement.
Moreover, the excitation spectra of Cppg—Cys—Crpy were also
recorded below and above the CMC (Figure S2). Remarkable
red shifts of the peaks in the excitation wavelength were
observed when the concentration increased above the CMC,
suggesting that the electron transition could be influenced by
the assembled Cppg—C¢—Crpr molecules. In contrast, the
absorbance is simply proportional to photoluminescence
species in other reported AIE surfactants.””?” As the
concentration of Crpg—Cg—Crpg further increased above 54
#M, an unusual decrease of the fluorescence intensity was
observed. This phenomenon could be attributed to the strong
hydrophobicity of the TPE moieties in the aggregated micelles,
which can significantly improve their assembled nonpolar
interior and then weaken the RIR effect as the concentration
continuously increased. These results demonstrate that the
TPE luminogens connected at the tails of Cypg—Cs—Crpg were
sensitive to the nonpolar environment and their photo-
luminescence can be fully realized in the individual state.
The light-up bright emission of Cppg—Ce—Crppg can be
observed directly by the naked eye from their aqueous
solution. Figure le shows clear fluorescent photographs of
the Crpg—C¢—Crpg aqueous solution with the assistance of a
UV lamp (365 nm). The brightness of the aqueous solution
enhanced significantly as the concentration increased, and a
strong cyan emission can be presented even at the low
concentration. Such visible fluorescence signals in a dispersed
aqueous solution are typical characteristics of AIE surfactants
because of their excellent water solubility accompanied by a
strong RIR effect.’® Additionally, the bright-cyan fluorescence
of Crpg—C¢—Crpg can also be clearly observed in their solid
powder and even frozen state because of the AIE effect (Figure
S$3), wherein the intramolecular rotation is suppressed by the
adjacent molecules to open up the irradiative transition
channel. The simultaneous fluorescent emissions of Crpg—
C¢—Crpg in the aqueous solution and solid state are quite

different from the conventional ACQ_fluorophores and
AlEgens (nonemissive in the dissolved/dispersed state). >

To explore the solution stability of Cppg—C—Crppg, the
time-dependent evolution of their fluorescence intensities at
different concentrations was investigated by comparing them
with their initial values under the same conditions. As shown in
Figure 2a, although their emission decreased significantly in
the first week, the fluorescence intensities of Crpg—Cs—Crpg
with a concentration of less than CMC remain unchanged and
the rest begin to recover slowly in the following weeks.
Furthermore, the recovering tendency was closely related with
the concentration and particularly remarkable in the high-
concentration solutions. The initial decline of the fluorescence
intensity could be attributed to the further aggregation of
Crpg—C¢—Crpg molecules in the aqueous solution drive by the
strong hydrophobicity of TPE luminogens. The closer
aggregation can provide more available nonpolar interior to
weaken the RIR effect, resulting in the unusual aggregation-
impaired emission (“AIE”). However, the overcrowded
gathering and #—n stacking between the TPE moieties
would further block and weaken the rotation of the phenyl
rings (AIE effect) in return, leading to the recovery of their
fluorescence emission. Therefore, photoluminescence of
Crpg—C¢—Crppg experienced an initial decrease and then
turned to recovery as “AIE” changed to AIE. These results
reveal that the Crpp—C4—Crpg aqueous solutions possess
durable fluorescence properties and their photoluminescence
can also be realized effectively in the aggregated state.

The photostability of Cpg—Cg—Crpg was also investigated
by measuring their fluorescence intensities at various time
points upon continuous UV irradiation (Figure 2b). Compared
with the conventional luminescent materials, Cppg—Cs—Crpg
exhibited a distinctive changing tendency and the fluorescence
intensities at different concentrations changed inconsistently
under the same conditions. For the low-concentration solution,
a certain degree of decline appeared with an increase of the
exposure time because of photobleaching. However, no
significant change was observed in the following concentration,
and the fluorescence intensity of the high-concentration
solution enhanced rather than decreased with an increase of
the exposure time. This unusual phenomenon may be ascribed
to photoisomerization of the TPE units induced by UV
irradiation,”* which can destroy the assembled nonpolar
environment and then strengthen the RIR effect for high
emission.

3.3. Sensitivity of C;pe—Cg—Crpe to CTAB and Organic
Solvents. The buffering capacity of Cppg—Cs—Crpg can be
investigated by monitoring their fluorescence intensities under
continuous dilution. As shown in Figure 2¢, the fluorescence
intensity of Cppg—Cs—Crpr experienced a slight increase at
first and then decreased linearly with the continued
introduction of pure H,O. The initial enhancement of the
fluorescence intensity may be ascribed to the destruction of the
assembled nonpolar interior, where the RIR effect that has
been weakened in the aggregated micelles was recovered.
When the solution was constantly diluted by CTAB (1 mM)
instead of H,0, the promotion proceeded more rapidly and
then decreased linearly. When the solution was diluted by a
higher concentration of CTAB (3 mM), the amplification of
the emission was further strengthened, followed by a dramatic
linear decrease in the subsequent changing curve. Such an
interesting phenomenon probably arose from the changing
roles of CTAB on the TPE units in different stages. When
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Figure 3. Representative SEM (a and b) and TEM (c and d) images of AIE-SNs-15. TEM images of AIE-SNs-15 with rare rattlelike structures (e

and f).

CTAB was introduced at the beginning, the RIR effect could
further enhanced by twinning the hydrophobic tails of CTAB
with the phenyl rings. Upon continuous dilution with CTAB,
the nonpolar environment constructed by excess CTAB could
offer freedom instead of the RIR effect for the phenyl rings,
leading to distinct effects on the fluorescence intensity.
Simultaneously, the binding effects of twinning CTAB can
also be observed when Crpp—Cy—Crpp was mixed with CTAB
at a fixed volume. As shown in Figure 2d, the fluorescence
intensity increased rapidly when CTAB was introduced and
then reached a plateau after the concentration reached the
same level as that of Cypr—Cg—Crpr (50 #M). With the CTAB
concentration continuously increased after 150 uM, the
fluorescence intensity began to decrease gradually because of
the weakening RIR effect arising from excess CTAB. These
results confirm the special sensitivity of Crpy—Cg—Crpg to the
nonpolar environment and their intimate relationship with
CTAB.

To investigate the sensitivity of Cppp—Cs—Crpg to organic
solvents, the fluorescence spectra of Crpg—Cys—Crpg in a H,O/
THF mixture with different THF fractions in volume (vol, 0—
90%) were investigated. With increasing THF fractions from
0% to 20% in the THF/H,O mixture, the fluorescence
intensity of Crpp—Cs—Crpg (50 uM) dropped sharply to
almost disappear (Figure 2e) and then leveled off as the THF
fractions reached 30% (Figure 2f). This “turn-off” phenomen-
on could also be observed directly by the naked eye, with the
solution changing from bright cyan to colorless under 365 nm
UV irradiation (inset of Figure 2f). To acquire more detailed
information about their sensitivity, Crpp—Cs—Crpg was also

dissolved in other organic solvents (acetonitrile, ethanol, and
acetone). Only weak signals were observed in their
fluorescence spectra (Figure S4). Meanwhile, when ethanol
was slowly added to an aqueous solution of Cppr—Cyg—Crpg,
the phase interface could be clearly observed under the bright-
cyan fluorescence (Figure SSa). However, this harmonious
state and bright fluorescence disappeared immediately after
shaking, suggesting that photoluminescence of Crpg—Cs—Crpg
was extremely sensitive to organic solvents. In contrast, the
phase interface and bright emission could still be found when
they mixed with #n-hexane because of their complete
insolubility (Figure SSb).

3.4. Shape-Controlled Preparation of AIE-SNs and
Derived AIE-MSNs. The shape-controlled AIE-SNs could be
facilely prepared in H,O via a dual-surfactant-guided one-pot
method with CTAB and Crpg—Cg—Crpg. As shown in Scheme
1b, Cppg—Cs—Crpr and CTAB were dispersed in H,O first
with continuous stirring to form composite micelles for the
facile island nucleation and growth of silica. When TEOS was
introduced, the hydrolyzed silicate precursor could be directed
to condense into ordered silica structures around micellar
templates because of a strong electrostatic interaction.”’
Subsequently, a layer of AIE-SNs formed on the composite
micelles via the coassembly of CTAB, Cppg—Ce—Crppg, and
silicate oligomers, followed by continuous growth and
aggregation until the reaction finished. To further understand
the role of Cppg—C4—Crpg in tuning AIE-SNs and their
corresponding evolution process, SEM images were used to
characterize the products collected under the different molar
ratios of CTAB/Crpg—C¢—Crpg. As the molar ratio of CTAB/
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Figure 4. Representative SEM (a and b) and TEM (c and d) images of AIE-SNs-7. TEM images of AIE-SNs-7 with rare rattlelike structures (e and

Crpg—Cs—Crpg changed from 40:1 to 5:1, the shapes and sizes
of AIE-SNs transformed significantly and the initial irregular
aggregates gradually evolved into uniform morphologies
(Figure S6). Interestingly, the regular AIE-SNs could further
evolve as the molar ratio continuously changed, achieving the
shape-controlled preparation of AIE-SNs. At the final molar
ratio of 5:1, the AIE-SNs tended to cluster into an elongated
rodlike morphology instead of a rounded one (Figure S6i), and
some could even reach a length of 800 nm (Figure S7). A
summary of the experimental data and processing parameters is
given in Table S1, and the products obtained under different
molar ratios were denoted as AIE-SNs-n (n = 40, 35, 30, 25,
20, 15, 10, 7, S, and 0).

It is noteworthy that two kinds of silica nanorods, AIE-SNs-
15 (Figure S6f) and AIE-SNs-7 (Figure S6h), could be
prepared directly when the molar ratio of CTAB/Cppg—Ce—
Crpg was fixed at 15:1 and 7:1, respectively. As shown in
Figure 3a, SEM observation shows that the obtained AIE-SNs-
15 have rodlike morphology with a width of ~200 nm and a
length of ~350 nm. A close observation of AIE-SNs-1S5 reveals
that the nanorods have a relatively coarse surface with tiny
cracks (Figure 3b). Furthermore, their internal cavities and
shells can also be clearly observed from the high-magnification
SEM images of the damaged AIE-SNs-15 obtained under the
intense ultrasound (Figure S8). TEM images of AIE-SNs-15
indicate a well-defined hollow structure with an outer shell of a
thickness of ~12 nm (Figure 3c,d). Meanwhile, internal
cavities with thin shells are consistent with their external shape.
Besides the normal hollow silica nanorods, some rare yolk—
shell nanorods with rattle structures, which are difficult to

construct by simple methods, appeared in the product (Figures
3e,fand S9). Because of their large void space for cargo storage
and delivery, yolk—shell nanomaterials composed of a core
within a hollow cavity surrounded by a porous outer shell have
been considered to be ideal carriers and nanoreactors.”’

At a molar ratio of 7:1, the product evolved into uniform
narrow silica nanorods in which the width got truncated. As
shown in Figure 4a,b, the SEM images of AIE-SNs-7 exhibit
rodlike morphology with a width of ~75 nm and a length of
~250 nm. The coarse surface with tiny cracks as well as their
broken internal cavities and shells can also be clearly observed
at a higher magnification (Figure S8). As can be observed from
the TEM images of AIE-SNs-7 (Figure 4c,d), the hollow
structures can still be found in the product and their shell is
much thinner than that of AIE-SNs-15 with a thickness of only
~5 nm. Compared with the internal structures of AIE-SNs-15,
the AIE-SNs-7 was mainly yolk—shell nanorods with rattle
structures instead of the normal hollow (Figures 4e,f and S9),
indicating that the internal structures of AIE-SNs were also
developed along with the external morphology evolution as the
molar ratio changed from 15:1 to 7:1.

In addition to the great interest raised by the above
products, the observations allow us to partially conceive the
roles of Cppg—Cg—Crpg in achieving the tuning of AIE-SN.
The dynamic combined structure-directing effects proposed in
our previous research arising from the cooperative CTAB and
Crpg—C¢—Crpg can be used to understand their structural
evolution process.”” It is the growing effects of C1pr—Cs—Crpg
in the structure-directing process as the molar ratio changes
from 40:1 to 5:1 that lead to the continued evolution of the
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Figure S. Representative SEM (a) and TEM (c and d) images of AIE-MSNs-15. SEM (b) and TEM (e and f) images of AIE-MSNs-7.

construction. When the amount of Crpg—Cs—Crpgp is
increased, the effective volume (v) of the hydrophobic group
of CTAB/Crpp—Cs—Crpg increases because of the presence of
bulky TPE units, which also increases the average packing
parameter P of the CTAB/Crpy—Cg—Crpg cosurfactant (P =
v/agl, where a, is the polar head surface area and I is the
hydrophobic chain len§th), resulting in the transformation of
the assembled phase.'* To further understand the structure-
directing effect of Crpg—Cys—Crpg in the original system mixed
with CTAB, the compared CTAB-SNs were prepared under
the direction of the individual CTAB (Figure S10). Meanwhile,
AIE-SNs-40, AIE-SNs-30, AIE-SNs-15, and AIE-SNs-5 were
also reprepared under the same conditions without the
addition of Crpg—Cg—Crpg (Figure S11). Only regular
nanospheres could be found in their product, and the
nanospheres gradually aggregated into a chaplet shape as the
CTAB concentration decreased (Figure S11D). Additionally, it
is impossible to obtain a hollow or multifunctional structure
with limited CTAB alone according to the literature.”'"*’
These results show the indispensable role of Cpy—C¢—Crpg in
the structure-directing process. On the other hand, CTAB, as a
convenient cationic surfactant for building mesoporous silica,
was essential for the whole mixed system and acted as the main
body in guiding the evolution process of AIE-SNs. Only
coralloid AIE-SNs-0 could be obtained under the direction of
pure Crpg—Cg—Crpg (Figure S10). All of these results revealed
the presence of the combined structure-directing effects of
CTAB/Cr1pg—Cs—Crpg in the preparation of the tuning of
AIE-SNs. On the basis of the proposed mechanism, other
interesting shapes of AIE-SNs could also be found beyond our
research by adjusting the molar ratio properly.

The interaction between the cationic surfactant head groups
and anionic silica frame could be broken during the subsequent
HCl/ethanol extraction, and then the templating agent was
removed from the mesoporous silica.'’ After the coassembly of
CTAB, Cypg—C4—Crpp, and silica, the AIE-SNs can transform
into AIE-MSNs smoothly by removing the CTAB template.
Compared with the simple straight-chain structure of CTAB, it
was difficult to remove Crpg—Cg—Crpg from the silica frame
because of its complex structure. In particular, the spacer in the
gemini surfactant can greatly prevent them from escaping from
the rigid structures (Si—O—Si) provided by the silica matrix
(Scheme 1b). Therefore, a large amount of Crpr—Ce—Crpg
was persistently encapsulated in the silica frame after the
removal of CTAB, bringing about both abundant mesoporous
and successive fluorescent properties for AIE-MSNs.

SEM and TEM images of AIE-MSNs-15 and AIE-MSNs-7
were investigated to have a better insight of the resultant AIE-
MSNs. As shown in Figure Sab, AIE-MSNs-15 and AIE-
MSNs-7 preserve their original morphologies and display no
external differences with AIE-SNs-15 and AIE-SNs-7. The
same result can also be found in the SEM images of CTAB-
MSNs, AIE-MSNs-30, and AIE-MSNs-S (Figure S12),
revealing the excellent structural stability of AIE-MSNs.
According to the TEM images of AIE-MSNs-15 (Figures Sc
and S13), it can be seen that silica nanorods have already
possessed highly ordered mesoporous channels, wherein the
shells and internal hollow cavities can only be ambiguously
observed because of the presence of numerous pores.
Compared with AIE-SNs-15, the shell thickness of AIE-
MSNs-15 showed no obvious change in size and was estimated
to be ~12 nm (Figure 5d). Similarly, the indistinct shells and
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Figure 6. (a) Fluorescence spectra for the different kinds of AIE-SNs and CTAB-SNs (0.25 mg/mL). (b) Fluorescence spectra for the different
kinds of AIE-MSNs (0.25 mg/mL). (c) Comparison of the fluorescence intensities for different kinds of AIE-SNs and AIE-MSNss in parts a and b at
475 nm. (d) Fluorescent photographs of CTAB-SNs, AIE-SNs-15, AIE-SNs-7, AIE-MSNs-15, and AIE-MSNs-7 in aqueous dispersion under 365
nm UV irradiation. (e) IR spectra and photographs (taken under room light and 365 nm UV irradiation) of the solid powder of CTAB-SNs, AIE-

SNs, CTAB-MSNs, and AIE-MSNSs.

internal hollow structures of AIE-MSNs-7 can also be observed
in their TEM images (Figures Se and S13). As shown in Figure
5f, AIE-MSNs-7 exhibited the same shell thickness (~5 nm) as
AIE-SNs-7. Compared with the mesoporous silica in AIE-
MSNs-185, although AIE-MSNs-7 possessed more noticeable
pore structures, their arrangement was inhomogeneous and
disordered (insets of Figure 5d,f). Additionally, the original
yolk—shell nanorods with rattle structure in AIE-MSNs-15 and
AIE-MSNs-7 also became indistinct because of the presence of
numerous pores on the shells, suggesting that the CTAB
template in AIE-SNs has been effectively removed by the
extraction treatment.

3.5. Characterization of AIE-SNs and AIE-MSNs. The
fluorescent properties of AIE-SNs and AIE-MSNs were both
endowed by the embedded Crpg—Cs—Crpg. When the
surfactant-directed coassembly was finished, the fluorescence
spectra of the residual supernatant solution were investigated
after AIE-SNs were removed (Figure S14). Their weak signals

suggested that Crpp—C4—Crpg had been encapsulated into
SNs successfully with CTAB. As shown in Figure 6a, the
fluorescence intensities for different kinds of AIE-SNs (0.25
mg/mL) were evaluated at the same time. Compared to
CTAB-SNs, their fluorescence intensities enhanced, with the
types changing from AIE-SNs-40 to AIE-SNs-S. Particularly,
the emission (475 nm, Figure S14b) and absorption (319 nm,
Figure S15a) wavelengths of AIE-SNs occurred at the same
time as the individual Crpg—C¢—Crpg in aqueous solution
without a red/blue shift (Figures lc and Sla), implying that
the TPE units in AIE-SNs were free from the restriction of the
silica matrix. On the contrary, an obvious shift will be observed
if the AIEgens were restricted in the rigid microenvironment
provided by the silica matrix.”*

The fluorescence spectra for different kinds of AIE-MSNs
with the same concentration (0.25 mg/mL) are shown in
Figure 6b. Compared with the original AIE-SNs, AIE-MSNs
demonstrated enhanced fluorescence intensities instead of the
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Figure 7. Nitrogen adsorption—desorption isotherms (a) and the corresponding pore size distribution curves (b) of AIE-SNs-15, AIE-MSNs-15,

AIE-SNs-7, and AIE-MSNs-7.

traditional weakening caused by the leaking out of fluorescent
molecules in the extraction process. As shown in Figure 6¢, the
remarkable enhancement was recorded with the types of SNs
(AIE-SNs-n and AIE-MSNs-n, where n = 40, 35, 30, 25, 20, 15,
10, 7, and S). Regarding AIE-MSNs-15 and AIE-MSNs-7, their
fluorescence intensities were increased up to 2.2- and 2.3-fold,
respectively, after the extraction treatment. The improved
photoluminescence could also be readily observed by the
naked eye in their aqueous dispersion with the assistance of a
UV lamp (Figure 6d). The results revealed that the removal of
CTAB could bring about not only plenty of mesoporous silica
but also outstanding fluorescence emission for the AIE-MSNs.
One leading cause for their improved performance is the
disappearance of the nonpolar environment constructed by
CTAB, which is especially beneficial for photoluminescence of
the remaining individual Crpg—C—Crpg because of their
special sensitivity. Additionally, the presence of a large amount
of mesoporous silica in AIE-MSNs caused the anchored Cppg—
Cs—Crpg to be fully exposed to H,O, promoting the RIR effect
significantly on the TPE luminogens. The unchanged emission
(475 nm, Figure S14b) and absorption (319 nm, Figure S15a)
wavelengths of AIE-MSNs compared with AIE-SNs and Cpg—
Cg—Crpg further revealed the consistent and unrestricted state
of the ATEgens in SNs. A typical Tyndall phenomenon can also
be observed in AIE-SNs-15, AIE-SNs-7, AIE-MSNs-15, and
AIE-MSNs-7 (Figure S1Sb), confirming their excellent
dispersibility in an aqueous dispersion. Furthermore, the
AIE-MSNs possess good photostability, and the fluorescence
intensities remained above 70% after 60 min of UV irradiation
(Figure S16a). The stability for different types of AIE-MSNs
could also be determined by recording the time-dependent
evolution of the fluorescence intensity. Their emission
decreased after 1 week because of the spontaneous aggregation
of AIE-MSNs in aqueous dispersion (Figure S16b). However,
further aggregation of AIE-MSNs can induce the strengthening
of the AIE effect, leading to the recovery of their fluorescence
intensities. The superior fluorescence properties of AIE-MSNs
indicate their promising prospects in biomedical applications.

IR spectra of CTAB-SNs, AIE-SNs, CTAB-MSNSs, and AIE-
MSN:s are given in Figure 6e. Compared with CTAB-SNs and
AIE-SNs, the stretching vibration bands of CTAB located at
2925, 2856, and 1487 cm™ disappeared in CTAB-MSNs and
AIE-MSNs, suggesting that CTAB has been removed

successfully by the extraction process.”> With regard to the
incorporated Crpg—C¢—Crpg, the characteristic signal located
at 1508 cm™' assigned to the stretching vibration of TPE
(Figure S3) could be observed in both AIE-SNs and AIE-
MSN:s, revealing the constant presence of Cppg—Cs—Crpg. The
results are consistent with the high porosity and successive
fluorescence observed in AIE-MSNs. On the other hand, the
bright-cyan fluorescence could also be observed in the solid
powder of AIE-SNs and AIE-MSNs because of the AIE effect.
As shown in Figure 6e, the solid powders of CTAB-SNs, AIE-
SNs, and AIE-MSNs are white in appearance under normal
room lighting, but strong cyan light can be emitted from AIE-
SNs and AIE-MSNs under 365 nm UV irradiation.

Nitrogen adsorption—desorption isotherms of AIE-SNs-15,
AIE-MSNs-15, AIE-SNs-7, and AIE-MSNs-7 were recorded to
investigate the change of the surface area and porosity before
and after removal of the CTAB template (Table S2). As shown
in Figure 7a, all of the samples exhibited the combination of
type II and IV isotherms with a H4-type hysteresis loop, which
was nearly parallel over an appreciable range of relative
pressure according to the [UPAC classification.”” Moreover, a
sharply increased nitrogen adsorption plot was observed in the
high relative pressure range of 0.8—1.0, which is mainly
attributed to the internal voids formed by the randomly
distributed and packed SNs. The BET surface areas of AIE-
SNs-15 and AIE-SNs-7 were calculated to be only 21.9 and
62.7 m*/g, respectively. In contrast, the BET surface areas were
calculated to be 652.6 and 606.6 m*/g for ATE-MSNs-15 and
AIE-MSNs-7, respectively, which were much larger than those
of the unextracted AIE-SNs-15 and AIE-SNs-7. The greatly
increased surface areas of AIE-MSNs-15 and AIE-MSNs-7
were consistent with the porous features observed from their
TEM images (Figures S and S13), and their surface areas were
comparable in value with many other hollow MSNs reported in
the literature.' ">

In the synthetic process of MSNs, the length and volume of
the hydrophobic alkyl chain of the surfactants can indicate
their pore diameter and volume.”® The pore volumes of ATE-
SNs-15 and AIE-SNs-7 were calculated to be 0.047 and 0.127
cm®/g, while the pore volumes of AIE-MSNs-15 and AIE-
MSNs-7 were calculated to be 0.614 and 0.634 cm®/g,
respectively. Because of the presence of more Cppg—Cg¢—
Crpg, the pore volume of AIE-SNs-7 has always been larger
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than that of AIE-SNs-15 before and after the removal of
CTAB. In particular, as shown in Figure 7b, AIE-MSNs-7
exhibited larger holes with the pore size center around 3.2 nm.
Comparatively, the pore sizes of AIE-MSNs-15 and most
reported MSNs are limited to less than 3.0 nm because of the
low molecular weight of CTAB.'”” Because Crpg—Ce—Crp
contains the bulky TPE luminogens connecting at the tails, the
large hydrophobic TPE groups help to organize the micelles,
having an empty volume at the center, and are responsible for
the larger pore size of AIE-MSNs-7. On the basis of the
aforementioned observations, the potential pore size and
volume can also be effectively improved by tuning the molar
ratio of CTAB/Cppg—Cgs—Crpg in the coassembled process. By
taking advantage of the bulky TPE groups of Cppg—Cs—Crpg,
the modified AIE-MSNs with simple operation, high surface
areas, and larger pore volumes and sizes would be favorable
and promising for further applications in host—guest
interaction.

3.6. Drug Loading and Release Behaviors of AIE-
MSNs. It is well-known that many anticancer drugs are
aromatic and hydrophobic, resulting in poor water solubility
and restricted clinical application.® The anchored Crpz—Cys—
Crpg in AIE-MSNs can provide not only fluorophore but also
available hydrophobic TPE units for aromatic drug loading. To
confirm their effectiveness in loading the hydrophobic drug,
CPT was used as the model guest molecule, and the loading
capacities of AIE-MSNs-15 and AIE-MSNs-7 were evaluated as
344.71 and 319.22 mg/g, respectively, which are much higher
than those of calcined MSNs-15 (231.12 mg/g) and MSNs-7
(218.54 mg/g). Although the morphologies and frames of
MSNs-15 and MSNs-7 were preserved well (Figure S17), the
original Cppg—Ce—Crpg was absent in calcined MSNs,
resulting in the disappearance of TPE units and corresponding
fluorescent properties. The data suggest that AIE-MSNs are
superior to calcined MSNs in loading hydrophobic anticancer
drugs because of the presence of additional hydrophobic
interaction and 7—7 stacking. Additionally, an obvious peak of
CPT (438 nm) was observed in the fluorescence spectra of
AIE-MSNs-CPT because of the covering of a large amount of
CPT (Figure S18a), suggesting their good performance in
CPT loading.

The in vitro release profiles of CPT from AIE-MSNs-CPT
and MSNs-CPT are shown in Figure 8. The release values of
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Figure 8. In vitro cumulative release profiles of CPT from AIE-MSNs-
15-CPT, AIE-MSNs-7-CPT, MSNs-15-CPT, and MSNs-7-CPT.

AIE-MSNs-CPT are higher than those of MSNs-CPT because
of the larger loading capacities of CPT. Meanwhile, AIE-
MSNs-15-CPT and AIE-MSNs-7-CPT  exhibited similar
sustained release curves and drug release reached a plateau
after 72 h. However, the amount of CPT released from AIE-
MSNs-7-CPT was higher than that of AIE-MSNs-15-CPT at
the beginning, although their loading capacity was not
outstanding, which may be due to the presence of the larger
pore size of AIE-MSNs-7. The same result can also be clearly
observed in the release curves of MSNs-15-CPT and MSNs-7-
CPT. To better understand their behavior of drug release, AIE-
MSNs-CPT and MSNs-CPT were further investigated by
constant incubation with fresh PBS instead of the tested
supernatant and monitored every 2 h (Figure S18b). The
sustained release can be well realized, and CPT can be
continuously released for more than 90 h. Meanwhile, the
adsorbed CPT can be easily released from AIE-MSNs-7-CPT
and MSNs-7-CPT because of their advantageous pore size,
resulting in the larger release amount at the beginning than
that of AIE-MSNs-15-CPT and MSNs-15-CPT. In addition,
the release curves were both up and down accompanied by
several releasing upsurges instead of a constant decrease as the
time goes on, which strongly suggested their complex internal
structures.

4. CONCLUSIONS

In summary, a TPE-functionalized gemini surfactant Cppg—
Cs—Crpg was designed and synthesized to develop a
straightforward method for the controllable preparation of
hollow AIE-MSNs. The versatile Cppg—Cg—Crpr possesses
superior water solubility, surface activity, stability, and
sensitivity to CTAB and organic solvents and can realize
photoluminescence simultaneously in dispersed, aggregated,
and solid states. In the preparation of tunable AIE-SNs, Cpg—
C—Crpg will not only provide an anchored fluorophore but
also serve as an intimate partner of CTAB to regulate their
construction. By proper tuning of the molar ratio of CTAB/
Crpg—Cs—Crpg, the morphologies of AIE-SNs could be tuned
effectively and two kinds of silica nanorods (AIE-SNs-15 and
AIE-SNs-7) were produced directly. After the extraction of
CTAB, AIE-SNs can evolve into AIE-MSNs successfully and
bring about abundant mesoporous silica and high accessible
surface area. It is noteworthy that the incorporated bulky TPE
luminogens can not only provide enhanced fluorescence for
AIE-MSNs to overcome the inevitable weakening of the
fluorescence intensity caused by leakage but also improve their
internal structure, endowing AIE-MSNs-7 with larger pore size
(32 nm) and pore volume (0.634 cm®/g). Moreover, the
resultant AIE-MSNs-15 and AIE-MSNs-7 can both serve as the
desired nanocarriers of the hydrophobic anticancer drug for
their high loading capacities and long release times. The
proposed Crpg—Cg—Crpg enriches the family of gemini
surfactants and opens new perspectives to controllably prepare
advanced fluorescent mesoporous materials with simple
operation for the future large-scale industrial production and
various applications in bioimaging, drug delivery, bioenrich-
ment and separation, sensing, and so on.
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