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We developed a facile and controllable strategy to fabricate biomimetic walnut kernel-like mesoporous silica
nanomaterial (WMSN) and erythrocyte-like mesoporous silica nanomaterial (EMSN). The former possesses unique multi-shell hollow structure and surface wrinkles while the latter has special multi-stack structure and
bowl-shaped depression. These hierarchical materials with distinct structures can be ﬁnely tuned by changing
the molar ratios of two surfactants, cetyltrimethylammonium bromide and 11-mercaptoundecanoic acid. The
mechanism of structural formation through intermolecular interactions was revealed and validated experimentally. The promising potential applications of WMSN and EMSN in adsorption, cellular imaging, drug delivery, and cancer theranostics were further identiﬁed.

1. Introduction
Mesoporous silica nanomaterial (MSN) has attracted considerable
attentions due to its unique physicochemical properties, such as tunable
size and shape, facile surface functionalization, high pore volume, large
surface area, and rich porous texture, which endow them with superior
availability in separation, adsorption, catalysis, sensing, and biomedicine [1–4]. To meet the increasing needs of emerging applications,
much eﬀort has been devoted to the rational design of MSN, especially
particle size, pore, and surface parameters [5]. Comparatively, particle
shape as another key parameter of MSN has drawn relatively little attention.
Recent studies from both experimental and theoretical perspectives
revealed that the shapes of nanoparticles could generate signiﬁcant
impact on their performance [6–8]. Many protocols were developed to
produce MSN of diﬀerent shapes. These included sphere, rod, cube,
ellipsoid, ﬁlm, and sheet [8–10]. However, almost all of these shapes
only perform relatively simple dimensions and/or single porous arrangement, and most importantly, these protocols are generally not
controllable and tunable for the synthesis of MSN with distinct shapes.
Actually, hierarchical materials with multi-level structures could provide abundant pore openings and multistage pore structure, which will
be greatly favorable for those involving mass transfer process between
the particulate and molecule or organism [11,12]. Therefore, developing a facile protocol for realizing controllable and tunable synthesis
of hierarchical MSN with distinct structures is still a major challenge
and in great demand.
∗

Herein, we ﬁrst introduce a facile and controllable protocol to
synthesize hierarchical walnut kernel-like mesoporous silica nanomaterial (WMSN) with multi-shell hollow structure and hierarchical erythrocyte-like mesoporous silica nanomaterial (EMSN) with multi-stack
structure using cetyltrimethylammonium bromide (CTAB) and 11mercaptoundecanoic acid (MUA) as co-surfactants. These unique hierarchical materials with distinct structures can be easily tuned by
changing the molar ratios of CTAB to MUA. Their formation mechanisms were then revealed and validated experimentally. The potential
versatile applications of these hierarchical structures in adsorption,
imaging, drug delivery, and cancer theranostics were further examined.
2. Experimental details
2.1. Materials and reagents
Cetyltrimethylammonium bromide (CTAB), 11-mercaptoundecanoic acid (MUA), tetraethyl orthosilicate (TEOS), ammonia (28–30%),
rhodamine B (RB), methylene blue (MB), doxorubicin hydrochloride
(Dox), ﬂuorescein isothiocyanate (FITC), dimethylformamide (DMF),
acetone, 3-Aminopropyltrimethoxysilane (APTMS), Cell-counting kit-8
(CCK-8), and ethanol (200-proof) were purchased from Sigma-Aldrich.
Water used was from a Milli-Q water ultrapure water puriﬁcation
system. All chemicals were used as received without any further puriﬁcation.
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ATCC) supplemented with 10% FBS (ATCC) and 1% penicillin-streptomycin (Sigma) in a humidiﬁed incubator at 37 °C with 5% CO2 and
95% air. For intracellular localization, 105 SK-BR-3 cells per well were
seeded in a 6-well plate containing cover glasses and were allowed to
adhere for 24 h. After incubation with 50 μg mL−1 Dox-loaded FITClabeled WMSN and EMSN for 3 h, the cover glass containing SK-BR3 cells were washed with PBS and was then mounted onto a glass slide.
The slide was examined under a ﬂuorescence microscope (Olympus
BX51).

2.2. Synthesis of hierarchical mesoporous silica materials
Synthesis of WMSN: Brieﬂy, CTAB (0.55 mmol) and MUA
(0.46 mmol) were ﬁrstly dissolved in the mixed solvents of water
(120 mL) and ethanol (40 mL). TEOS (2 mL) and ammonia (∼30 mmol)
were then separately added with gentle stirring for 3 h at room temperature.
Synthesis of EMSN: Same protocol as above, except for increasing the
amount of CTAB from 0.55 mmol to 1.10 mmol.
After collected by centrifugation and followed by washed three
times with ethanol, the resulting solid products were dried at 80 °C
overnight. Surfactant templates were then removed by gradient calcination (100–600 °C) for 6 h. The resulting solid products were collected
for further analysis.

2.7. In vitro cytotoxicity evaluation
The cytotoxicity of WMSN, EMSN, WMSN-Dox, EMSN-Dox, and free
Dox was evaluated using the CCK-8 viability assay. For the cytotoxicity
evaluation, SK-BR-3 cells were seeded at a density of 8000 cells per well
in 96-well plates. After incubating the SK-BR-3 cells with WMSN,
EMSN, WMSN-Dox, EMSN-Dox, and free Dox for 24 h, 10 μL CCK-8
reagent was added to each well and incubated for 4 h. The absorbance
of the resulting solution in each well was recorded at 450 nm with a
microplate reader (TECAN SPARK 10M). Before reading, the plate was
gently shaken on an orbital shaker for 30 s to ensure homogeneous
distribution of color.

2.3. Rhodamine B and methylene blue adsorption
The adsorption performance of the WMSN and EMSN was evaluated
by the adsorptive separation of RB and MB mixture in aqueous solution.
All the adsorption experiments were conducted under stirring conditions throughout the test at room temperature in the dark. Typically,
the adsorbent (WMSN or EMSN, 5 mg) was added to RB and MB mixed
solution (100 mL) with an initial concentration of 10−5 mol L−1. At
appropriate time intervals (0, 2.5, 5, 10, 15, 30, 60, 120, and 180 min),
the aliquots (5 mL) were withdrawn from the suspension and the adsorbents were separated from the suspension via centrifugation. The
concentration of the residual RB and MB in the supernatant solution
was detected using a UV-visible spectrophotometer. The adsorption
rates (C/C0) were determined at a wavelength of 554 nm and 664 nm
for RB and MB, respectively. RB and MB adsorption results were obtained in triplicates.

3. Results and discussion
Hierarchical mesoporous silica nanoparticles having multi-level
structures can be successfully fabricated using CTAB and MUA as cosurfactants, tetraethyl orthosilicate (TEOS) as silica precursor, and
ammonia as catalyst in the mixed solvents of water and ethanol. As
shown from the SEM images in Fig. 1, WMSN and EMSN perform typical walnut kernel-like structure with rich surface wrinkles (Fig. 1A–C)
and erythrocyte-like structure with ﬂat and bowl-shaped depression
(Fig. 1G–I), respectively. From the TEM images, it is interesting to ﬁnd
that WMSN has unique hollow and multi-shell structure (Fig. 1D–F),
while EMSN has special sandwich-like and multi-stack structure
(Fig. 1J–L). In addition, WMSN has an average size of ∼300 nm, and
EMSN has an average size of ∼200 nm and an average thickness of
∼50 nm. The porous properties of WMSN and EMSN were further determined by nitrogen adsorption-desorption analysis after removing the
surfactants by calcination (Fig. S1). The results showed that both materials exhibited typical type IV isotherm with H3 hysteresis (Figs. S2A
and S3A) [13,14], and multiple pore size distributions can be observed
(Figs. S2B and S3B), indicating the presence of hierarchical porous
structures. This ﬁnding is in good agreement with the above SEM and
TEM investigations. The Brunauer-Emmett-Teller (BET) surface area
and pore volume of WMSN were measured to be 579.6 m2/g and
0.44 cm3/g, respectively. Whereas, the BET surface area and pore volume of EMSN were slightly increased to 733.5 m2/g and 0.58 cm3/g,
respectively. Both materials have similar Barrett-Joyner-Halenda (BJH)
pore size at around 3.0 nm.
To explore the formation mechanism of these unique hierarchical
materials with distinct structures, a series of experiments were carried
out to examine the role of each reaction reagent (CTAB, MUA, TEOS,
ammonia, water, and ethanol) and how it works for building these
hierarchical architectures. It was found that only CTAB and MUA (i.e.,
molar ratios of CTAB to MUA) exhibit major implications in particle
shape regulation while others (TEOS, ammonia, water, and ethanol)
play relatively minor functions. As shown in Fig. 2, at diﬀerent R values
(R = molar ratio of CTAB to MUA), the resultant products perform
diﬀerent shapes. At R = 0.5, hierarchical material with abundant irregular surface wrinkles was obtained, but there was no obvious multishell structure. When R was increased to 1, mesoporous silica product
with typical multi-shell hollow structure was formed. Similar as WMSN,
this product also has well-deﬁned hierarchical shape. However, if R was
set at 2 and 3, ﬂat products with bowl-shaped depression can be obviously observed. Both kinds of products also possess hierarchical

2.4. Fluorescent labelling of WMSN and EMSN
To track the intracellular behaviour of WMSN and EMSN, FITC
molecules were used to conjugate onto particle surface. Brieﬂy, nanoparticles (20 mg) were ﬁrstly mixed with APTMS (10 μL) in DMF for
grafting amine groups on particle surfaces. Then, FITC (2 mg) was
added to a dispersion of the resultant materials in Tris-Cl buﬀer. The
reaction was then allowed to proceed for 36 h at room temperature in
the dark. The mixture was centrifuged and the solid was washed
thoroughly to remove non-conjugated FITC. The ﬁnal products, WMSNFITC and EMSN-FITC, were dispersed in PBS (pH 7.2) and stored in a
dark place.
2.5. Loading and releasing of doxorubicin (Dox)
To load Dox into WMSN and EMSN, nanomaterials were ﬁrstly
dispersed in an aqueous solution of Dox (25 mg mL−1) while keeping
the weight ratio of nanoparticles to drug at 1:1. The mixture was stirred
at 37 °C for 36 h under dark conditions, followed by centrifugation and
washing twice with water to obtain the drug-loaded hierarchical nanomaterials (WMSN-Dox and EMSN-Dox). The loading amount of Dox
was determined by UV/vis spectroscopy at 233 nm using a standard
calibration curve of Dox. For cellular imaging test, WMSN-FITC and
EMSN-FITC were treated in the same protocol as above.
For the drug release, WMSN-Dox and EMSN-Dox samples were immersed in PBS (pH 4.5 and pH 7.2), and the supernatant was collected
at given time intervals (0, 1, 2, 4, 8, 12, 16, 24, 36, and 48 h). The
absorbance at 233 nm was measured to determine the amount of Dox
released. Drug releasing results were obtained in triplicates.
2.6. Cellular uptake and cell imaging analysis
SK-BR-3 cells (human breast cancer cell line, ATCC) were maintained in high glucose DMEM (Dulbecco's Modiﬁed Eagle's Medium,
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Fig. 1. Scanning electron microscopy (SEM, A-C and G-I) and transmission electron microscopy (TEM, D-F and J-L) images of hierarchical walnut kernel-like mesoporous silica nanomaterial (WMSN, A-F) and erythrocyte-like mesoporous silica nanomaterial (EMSN, G-L). The insets in A and G are the images of walnut kernel and erythrocyte, respectively. The SEM
images were acquired after gold sputtering.

of mesoporous silica is initiated by the interactions between the silica
precursor and the surface of CTAB vesicles [15]. In this system, MUA
plays a signiﬁcant role in the self-assembly of surfactants and assists in
the formation of diﬀerent hierarchical structures. When the molar ratios
of CTAB to MUA are relatively low (R = ∼1), CTAB (a cationic surfactant) and MUA (an anionic surfactant) can self-assemble into typical
vesicles in basic conditions [16]. After the CTAB/MUA vesicles have
formed in the mixed solvents of water and ethanol, TEOS molecules as
silica precursor will attach to the surfaces of the vesicles through
electrostatic attraction. The regions near the vesicle surfaces will thus
gain a higher concentration of TEOS [17,18]. Meanwhile, the vesicle
formed from CTAB/MUA may undergo deformations when they divided

structures similar as EMSN, and typical multi-stack shape can be seen
clearly especially for the product from R at 3 protocol. In addition,
when R was further increased to 5, the ﬁnal product turned into a nearspherical shape and no hierarchical structure can be obtained. Moreover, there was no obvious product formed using only MUA as surfactant, whereas, typical spherical mesoporous silica nanoparticles can be
obtained using only CTAB as surfactant (Fig. S4).
Based on the above observations, we proposed possible mechanisms
to explain the formation of such hierarchical structures in the presence
of CTAB and MUA surfactants (Fig. 3). Both CTAB and MUA took part in
the shape formation process and determined the structural transition
from multi-shell to multi-stack. It is generally suggested that the growth

Fig. 2. The eﬀect of the molar ratio of CTAB to MUA on the morphology change of MSN.
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Fig. 3. Mechanism for the Formation of hierarchical mesoporous silica nanoparticles with multi-shell and multi-stack structures.

purple color (Figs. S5–6). In addition, it is noted that both materials
exhibit higher and faster adsorption of MB than that of RB due to the
relatively smaller molecular size of MB compared to that of RB
(Fig. 4A).
To further examine the potential of these hierarchical materials,
WMSN and EMSN were labeled with ﬂuorescein isothiocyanate (FITC)
and loaded with Doxorubicin (Dox, an anticancer drug) for cellular
imaging, drug delivery, cytocompatibility, and cancer cell inhibition
performance tests. As shown in Fig. 5A–B, after SK-BR-3 cells were
treated with the FITC-labeled Dox-loaded WMSN or EMSN, the green
color from FITC and the red color from Dox can be obviously seen from
inside of cells, indicating that both WMSN and EMSN can be eﬃciently
internalized into cells and then release Dox there. The loading amounts
of Dox were determined to be as high as 367.4 mg per gram of WMSN
and 283.3 mg per gram of EMSN, respectively (Table S2), indicating the
superior capacity of these hierarchical structures as a drug nanocarrier.
The release proﬁles of Dox from Dox-loaded WMSN (WMSN-Dox) and
Dox-loaded EMSN (EMSN-Dox) were then measured in pH 4.5 and pH
7.2 PBS to simulate diﬀerent physiological conditions. As shown in
Fig. 5C, Dox can be gradually released from WMSN-Dox and EMSN-Dox
in a pH-dependent way. At pH 7.2, because of electrostatic attraction
and hydrogen bonding interactions between Dox and silica matrix, both
WMSN-Dox and EMSN-Dox exhibited relatively slow release proﬁle,
and only around 15% of Dox was released after 48 h. Comparatively,
acidic condition (pH 4.5) allows to decrease the density of the hydrogen
bonding and as a result the Dox release is enhanced. The cumulative
drug release rates were thus increased to 60.4% and 71.3% for WMSNDox and EMSN-Dox, respectively. The release proﬁles displayed typical
sustained and multistage behavior, which is probably attributed to the
hierarchical shapes of WMSN and EMSN with multi-level structure
[26–28]. Cytocompatibility test using SK-BR-3 cells suggested that
there is no signiﬁcant adverse eﬀect for WMSN and EMSN even at a
high particle concentration of 0.5 mg/mL (Fig. 5D). The cancer cell
inhibition performance of WMSN-Dox and EMSN-Dox was further investigated and compared with free Dox (Fig. 5E). Results showed that
free Dox, WMSN-Dox, and EMSN-Dox all have obvious cell inhibition
after 24 h incubation with Dox concentration range from 0.01 to 1 μM.
However, the half inhibitory concentration (IC50) of Dox is 2.5-fold of
WMSN-Dox and 3.3-fold of EMSN-Dox, respectively. Compared to free

into smaller but more stable vesicles for forming multi-lamellar vesicles
[17–20]. Accompanied by the sustaining hydrolysis and cocondensation of TEOS, these multi-lamellar vesicles will continuously interact
with silica species to produce composite vesicles, and further evolve
into hierarchical nanoparticles with multi-shell structure (Similar as
WMSN) (Fig. 3). Comparatively, if the reaction is performed at higher
molar ratios of CTAB to MUA (R = ∼2–3), the CTAB-rich multi-lamellar vesicles are generally not easily formed because of the bending
energy consideration [17,21]. Therefore, CTAB and MUA surfactants
will be alternatively present multi-lamellar stacks structure (Fig. 3).
Due to the region-dependent eﬀects [11], in the inside region of multilamellar stacks, the relatively higher external surface pressure will lead
to bowl-shaped depression, whereas, in the edge region, the diﬀusion of
ethanol into multi-lamellar stacks reduces the interaction of the alkyl
tails and thus increases the hydrophobic volume of multi-lamellar
stacks [22]. This situation further makes such multi-lamellar stacks
generate hierarchical nanoparticles with multi-stack structure (Similar
as EMSN) (Fig. 3).
Owing to their unique hierarchical shape, multi-level structure, high
pore volume, large surface area, and multiple pore size distributions,
both WMSN and EMSN could be greatly favored in many application
ﬁelds, especially those involving mass transfer process. To demonstrate
this, we ﬁrstly examined the adsorption capacity of WMSN and EMSN
toward Rhodamine B (RB) and Methylene Blue (MB) (Fig. 4A). As
shown in Fig. 4B–C, even at a low mass ratio of adsorbent (WMSN or
EMSN) to adsorbate (RB and MB mixture) (Table S1) [23–25], the
characteristic absorption of RB at 554 nm and MB at 664 nm decreased
dramatically in the ﬁrst 30 min. This phenomenon, except for the
presence of electrostatic interactions between the positively charged
dyes (RB and MB) and the negatively charged silicate surface, may be
probably attributed to the special shape of both hierarchical materials
with unique multi-level structures (Table S1). Subsequently, the remaining concentration changes of RB and MB slowed with increasing
adsorption time (Fig. 4B–C). This result agreed well with the sample
photos that were recorded at the corresponding diﬀerent time intervals
(Figs. S5–6). The removal rate of RB and MB by WMSN or EMSN as a
function of time also clearly conﬁrmed that such adsorption process is
fast, especially in the early stage. After 30 min, RB and MB can be
nearly completely removed accompanying the disappearance of the
147
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Fig. 4. Adsorption of Rhodamine B (RB) and Methylene Blue (MB). (A) Chemical structures of RB and MB. (B-C) Adsorption rates of the mixture of RB and MB by WMSN (B) and EMSN
(C). C0 is the initial concentration of the RB and MB solution (Both at 10−5 M), and C is the concentration of that at diﬀerent time intervals during the adsorption. Error bars show the
standard deviations from three independent tests. The insets in (B) and (C) are a group of UV−vis spectra for time-dependent adsorption of RB and MB in the presence of WMSN and
EMSN, respectively.

synthesize hierarchical WMSN with unique multi-shell hollow structure
and rich surface wrinkles and hierarchical EMSN with special multistack structure and bowl-shaped depression using CTAB and MUA as cosurfactants. It was found that only CTAB and MUA (i.e., molar ratios of
CTAB to MUA) exhibit major implications in particle shape regulation
whereas others (TEOS, ammonia, water, and ethanol) play relatively
minor roles. Their formation mechanisms were further revealed and
validated experimentally. Such hierarchical structures exhibited superior performance in the adsorption of RB and MB, cellular imaging,

Dox, the increased cytotoxicity of WMSN-Dox and EMSN-Dox may be
probably caused by the enhanced drug nanocarrier uptake by SK-BR3 cells and the following targeted drug release inside of cells. In addition, the relatively higher cell inhibition rate of EMSN-Dox than that of
WMSN-Dox also agrees well with their drug release proﬁles (Fig. 5C).
4. Conclusions
In summary, we ﬁrst developed a facile and controllable strategy to

Fig. 5. (A-B) Images of SK-BR-3 cells after treating with Dox-loaded FITC-labeled WMSN (A) or EMSN (B) for 3 h. From left to right: bright-ﬁeld image, FITC image, doxorubicin image,
and merged FITC and doxorubicin image. Scale bars = 50 μm. (C) Release proﬁle of Dox from WMSN-Dox and EMSN-Dox in PBS buﬀer (pH 4.5 and pH 7.2); (D) SK-BR-3 cell viability
with particle concentrations of WMSN and EMSN from 31.25 to 500 μg mL−1 for 24 h. (E) Inhibition rates of Dox, WMSN-Dox, and EMSN-Dox (at concentration range of Dox from 0.01 to
1 μM) on SK-BR-3 cells for 24 h.
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Dox drug delivery, and cancer cell inhibition. Owing to their biomimetic hierarchical shape, multi-level structure, high pore volume, large
surface area, and multiple pore size distributions, these materials hold
great potential for the advancement of versatile practical applications.
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