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ABSTRACT: A kind of novel uniform monodispersed three-
dimensional dendritic mesoporous silica nanospheres (3D-
dendritic MSNSs) has been successfully synthesized for the
first time. The 3D-dendritic MSNSs can have hierarchical
mesostructure with multigenerational, tunable center-radial,
and dendritic mesopore channels. The synthesis was carried
out in the heterogeneous oil−water biphase stratification
reaction system, which allowed the self-assembly of reactants
taking place in the oil−water interface for one-pot continuous
interfacial growth. The average pore size of each generation for
the 3D-dendritic MSNSs can be adjusted from 2.8 to 13 nm
independently, which can be controlled by the varied
hydrophobic solvents and concentration of silica source in
the upper oil phase. The thickness of each generation can be tuned from ∼5 to 180 nm as desired, which can be controlled by the
reaction time and amount of silica source. The biphase stratification approach can also be used to prepare other core−shell and
functional mesoporous materials such as Au nanoparticle@3D-dendritic MSNS and Ag nanocube@3D-dendritic MSNS
composites. The 3D-dendritic MSNSs show their unique advantage for protein loading and releasing due to their tunable large
pore sizes and smart hierarchical mesostructures. The maximum loading capacity of bovine β-lactoglobulin with 3D-dendritic
MSNSs can reach as high as 62.1 wt % due to their large pore volume, and the simulated protein releasing process can be tuned
from 24 to 96 h by flexible mesostructures. More importantly, the releasing rates are partly dependent on the hierarchical
biodegradation, because the 3D-dendritic MSNSs with larger pore sizes have faster simulated biodegradation rates in simulated
body fluid. The most rapid simulated biodegradation can be finished entirely in 24 h, which has been greatly shortened than two
weeks for the mesoporous silica reported previously. As the inorganic mesoporous materials, 3D-dendritic MSNSs show excellent
biocompatibility, and it would have a hopeful prospect in the clinical applications.
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Mesoporous silica-based materials have undergone a
spectacular evolution during the last decades with

great contributions to the developments in areas ranging
from separation, adsorption, catalysis, and biomedicine due to
the high surface area and large pore volume.1−8 Particularly, in
the application of nanodrug delivery systems, ordered
mesoporous silica nanoparticles have become an alternative
to traditional organic emulsions or liposomes due to the
advantages of inorganic materials, such as its rigid mesostruc-
tured framework,9 and high stability to varied temperature and
organic solvents.10 Unfortunately, drug delivery applications
using mesoporous silica are usually limited to the small
molecule drugs (molecular size <2 nm)11,12 because it is still a
large challenge to synthesize uniform monodispersed meso-
porous silica nanoparticles with uniform large pores (pore size
>5 nm) suitable for in vivo bioapplication.13−18 However, it is
important to note that macromolecular drugs (molecular size

>2 nm) such as proteins and peptides are increasingly
recognized as potential leading for the development of new
therapeutics for a variety of human ailments.19,20 Therefore, it is
desirable to fabricate colloidal mesoporous silica nanoparticles
with pore sizes from 5 to 13 nm to match that of regular
protein drugs.21 An inspiration from dendrimer organic
compounds, which is a kind of polymers with multigenerational
hierarchical structure,22−24 herein, novel silica-based nano-
carriers with dendritic hierarchical mesostructure were
fabricated as designed with dendritic center-radial oriented
large mesopores. These novel inorganic nanocarriers would be
hopeful to improve the controllability of protein loading and
release.
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Furthermore, biodegradability is still a roadblock for the
biomedical applications of inorganic materials.25−29 Previous
reports have revealed that the whole degradation process of
conventional mesoporous silica nanospheres would last one or
two weeks depending on the particle diameters and mesopore
size.30,31 In vivo excretion data showed that the entire clearance
time of these nanoparticles could be over 4 weeks, and their
accumulation in liver and spleen was bound to cause tissue
damage.32 In order to seek faster degradation rates in simulated
body fluid, colloidal mesoporous silica nanoparticles with a
large pores, thin pore wall, and low cross-linking degree are
much desired.
Soft-templating approach is one of the current most useful

synthetic methods for the ordered mesoporous silicas via
surfactant molecular self-assembly.33 Several methods have
been reported, including the hydrothermal method in aqueous
media34−36 and solvent evaporation-induced self-assembly
(EISA) in nonaqueous media.37 It has indicated that the soft-
templating approach usually needs a homogeneous reaction
system, whether the soft templates are micelles assembled with
surfactants or nanoemulsions constituted of surfactants and oil
drops.30,38−43 To the best of our knowledge, there were no
reports about the preparation of uniform monodispersed
mesoporous silica nanospheres with large center-radial pore
channels in oil−water biphase stratification reaction system,
which is a heterogeneous reaction occurred in the macroscopic
interface.
Herein, we demonstrate a novel kind of “inorganic

dendrimer”, three-dimensional dendritic mesoporous silica
nanospheres (3D-dendritic MSNSs) with a tunable size and
controlled center-radial mesostructure, which can be grown
generationally and hierarchically as the regular organic
dendrimer. The 3D-dendritic MSNSs were synthesized by a
novel oil−water biphase stratification approach for the first
time. The average pore size of each generation can be adjusted
from 2.8 to 13 nm independently, and the thickness can be
tuned from ∼5 to 180 nm as desired. Most importantly, we
found that the 3D-dendritic MSNSs could be biodegraded with
a very rapid rate in the simulated body fluid. The fastest
simulated biodegradation can be finished entirely in 24 h, which
is greatly shortened than the two weeks for mesoporous silica
reported previously.
The 3D-dendritic MSNSs can be prepared in a heteroge-

neous oil−water biphase stratification reaction system (Scheme
1 and Figure S1 in Supporting Information). The biphase
stratification approach allows the reaction to take place in the
interface, and it is convenient to control the assembly on the
interface via changing or adding reactants in each phase without
disturbing the interface. The upper oil phase is a tetraethyl
orthosilicate (TEOS) solution with hydrophobic organic
solvent, while the lower aqueous phase is an aqueous solution
combined by cationic cetyltrimethylammonium chloride
(CTAC) as a template and organic base triethanolamine
(TEA) as a catalyst. The dendritic hierarchical mesostructure
with several generations can be achieved with a one-pot
continuous interfacial growth route, and the pore size can be
controlled by changing different hydrophobic solvents.
The transmission electron microscope (TEM) and scanning

electron microscope (SEM) images of the typical 3D-dendritic
MSNSs with three generations prepared via the biphase
stratification continuous growth approach are shown in Figure
1. The first generation 3D-dendritic MSNSs are highly uniform
mesoporous nanospheres with a mean particle size of ∼180 nm

(Figure 1a,d). The center-radial mesopore channels (∼2.8 nm)
can be clearly observed in the TEM image (Supporting
Information Figure S2a). A single scattering peak at ∼1.23
nm−1 in small-angle X-ray scattering (SAXS) pattern can be
observed, suggesting a uniform mesostructure of the first
generation nanospheres (Figure 1g, black line). According to
the nitrogen adsorption−desorption isotherms, a capillary
condensation step at around 0.2 < P/P0 < 0.4 is obviously
observed, providing a clear evidence for their narrow pore size
distribution (Figure 1h, black line). The BET surface area is
measured to be ∼598 m2 g−1, and the total pore volume is
found to be ∼0.571 cm3 g−1. Using the density functional
theory (DFT) method, the pore size of the first-generation 3D-
dendritic MSNSs is estimated to be about 2.8 nm in diameter
(Figure 1i, black line). TEM image shows that the 3D-dendritic
MSNSs with two generations have the core−shell structure,
and their average particle size is ∼250 nm (Figure 1b).
Compared with the first generation with the thickness of ∼180
nm, the second generation 3D-dendritic MSNSs have the
thickness of ∼35 nm as the shell. In TEM image, the mesopore
size of the shells for the second generation the 3D-dendritic
MSNSs is found to be ∼5.5 nm (Supporting Information
Figure S2b), which is obviously larger than that of the first
generation nanospheres. The SEM image of the 3D-dendritic
MSNSs with two generations (Figure 1e) shows the irregular
craters on the surface of the nanospheres, revealing the opening
mesochannels. Two scattering peaks at ∼1.23 and ∼0.83 nm−1

are observed in the SAXS pattern of the two generation 3D-
dendritic MSNS products (Figure 1g, red line). The scattering
peak at ∼1.23 nm−1 is the same with the one of first generation
nanospheres, and another peak at ∼0.83 nm−1 is due to the
second generation. It indicates the existence of a hierarchical
uniform mesostructure in the two-generation products. The
capillary condensation step expands to 0.2 < P/P0 < 0.7 in the

Scheme 1. Synthesis Process of the 3D-Dendritic MSNSs
and Mechanism of Interfacial Growtha

a(a) Nucleation process of the 3D-dendritic MSNSs; (b) growth
process of the first generation of the 3D-dendritic MSNSs; (c)
changing the upper oil phase; (d) growth process of the second
generation of the 3D-dendritic MSNSs; (e−h) the mechanism of one
single mesopore-channel growth with swelling.
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N2 sorption isotherms, and the hysteresis loops appear in 0.4 <
P/P0 < 0.7 (Figure 1h, red line), implying a bimodal mesopore.
The BET surface area and total pore volume are calculated to
be about 518 m2 g−1 and 0.689 cm3 g−1, respectively. The pore
size distribution reveals the bimodal mesopores at the mean
values of ∼2.8 and 5.5 nm (Figure 1i, red line), demonstrating
the close connectivity and continuous pore channels between
the first generation and the second generation. The 3D-
dendritic MSNSs with three generations keep their highly
uniform particle size, which is about 280 nm (Figure 1c).
Compared with the two-generation products, the third
generation 3D-dendritic MSNSs have the shell thickness of
∼15 nm and the larger pore size of ∼10 nm (Supporting
Information Figure S2c). These particles are full of craters on
the surface (Figure 1f), also revealing an opening state of the

mesopore channels on the third-generation shells. The SAXS
pattern of the three-generation 3D-dendritic MSNSs show
three scattering peaks at ∼0.66, 0.83, and 1.23 nm−1, indicating
uniform mesostructures with three different cell parameters and
pore sizes (Figure 1g, blue line). It further suggests a
hierarchically mesoporous structure. The BET surface area
and total pore volume are measured to be ∼647 m2 g−1 and
0.896 cm3 g−1, respectively. An evident capillary condensation
step and hysteresis loop can be observed at the relative pressure
around 0.2 < P/P0 < 0.8 in the N2 sorption isotherms,
suggesting the wide pore size distributions (Figure 1h, blue
line). Their tripartite sizes of the uniform mesopores are
revealed by the DFT method, including a small pore with the
size of ∼2.8 nm for the first generation 3D-dendritic MSNSs, a
middle mesopore of ∼5.5 nm for the second generation and a

Figure 1. TEM (a−c) and SEM (d−f) images of the extracted 3D-dendritic MSNSs with one (a,d), two (b,e), and three generations (c,f) prepared
via the biphase stratification approach; SAXS patterns (g) of the extracted 3D-dendritic MSNSs with one (black), two (red), and three generations
(blue); nitrogen adsorption−desorption isotherms (h) and pore size distribution (i) of the extracted 3D-dendritic MSNSs with one (black), two
(red), and three generations (blue). All the 3D-dendritic MSNS products were extracted by NH4NO3-ethanol three times to remove the surfactant
templates. All scalebars in TEM and SEM images are 200 nm.
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large pore of ∼10 nm for the third generation (Figure 1i, blue
line). In addition, the colored photonic crystal films constituted
of the 3D-dendritic MSNSs can be formed at the glass surface
by the EISA approach (Supporting Information Figure S1),
indicating that the highly uniformity and monodispersity of the
nanospheres are achieved via our biphase stratification synthesis
approach.
The preparation of the 3D-dendritic MSNSs is a convenient

one-pot synthesis process, and the size of the mesopores highly
depends on the hydrophobic organic solvent of the upper oil
phase in heterogeneous oil−water biphase stratification
reaction system (shown in Scheme 1 and Supporting
Information Figure S2). With the single generation 3D-
dendritic MSNSs synthesis as an example, when the solution
of (20 v/v %) TEOS in 1-octadecene is used as the upper oil
phase, the pore size of ∼2.8 nm in diameter can be realized
(Figure 1a). It has the similar pore size for the products from
CATC as a template in homogeneous aqueous media.44

However, when the solvent is replaced with decahydronaph-
thalene, the 3D-dendritic MSNSs with the mesopore size of
∼5.5 nm can be achieved (Figure 2a). It reveals that there is a
swelling behavior in decahydronaphthalene−water biphase
stratification reaction system. Meanwhile, cyclohexane with 10
v/v % TEOS in upper oil-phase leads to a more effective
swelling behavior, and the mesopore size can be increased to
∼10 nm (Figure 3b). These results suggest that the organic
molecules play a key role in swelling behavior, and the different
molecular sizes and hydrophobicity of them lead to the
mesopores with different pore sizes.
On the other hand, the concentration of TEOS in the

hydrophobic organic solvent is another factor to adjust the pore
sizes in heterogeneous oil−water biphase stratification reaction
system. The 3D-dendritic MSNSs with a pore size of ∼10 nm
can be obtained with 10 v/v % of TEOS in cyclohexane
solution. The pore size of ∼7 nm can be achieved with a 20 v/v
% TEOS cyclohexane solution (Figure 2b,e), while a 5 v/v %

Figure 2. TEM (a−c), SEM (d−f) images, SAXS patterns (g), and nitrogen adsorption−desorption isotherms (h) and pore size distribution (i) of
the single-generation 3D-dendritic MSNSs with a mesopore size of ∼5.5 nm (a, d, and black color lines), ∼7 nm (b, e, and red color lines), and ∼13
nm (c, f, and blue color lines) via our biphase stratification approach with the different oil phase parameters. All the 3D-dendritic MSNS products
were extracted by NH4NO3-ethanol for three times to remove the surfactant templates. All scalebars in TEM and SEM images are 100 nm.
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TEOS cyclohexane solution leads to a pore size of ∼13 nm
(Figure 2c,f). Simultaneously, the pore volumes of the 3D-
dendritic MSNS products are found to become larger with
bigger pore sizes (Table 1). It suggests that reduction of the

TEOS concentration of the silica source leads to assembly of
the mesopores with larger sizes and volumes, which is related
with the volume of emulsion involved by more hydrophibic
organic molecules and less hydrophilic silicate oligomers. The
experimental parameters and the corresponding 3D-dendritic
MSNS products with different pore sizes are shown in Table 1.
Via our biphase stratification approach, not only can the pore

size of the 3D-dendritic MSNSs be controlled but also the
particle size can be tuned as desired. The 3D-dendritic MSNS

products with a pore size of ∼5.5 nm can be grown
continuously with a particle size of ∼80 nm at the reaction
time for 8 h (Figure 4g) to 130 nm for 16 h (Figure 3a), and
subsequently to 160 nm for 24 h (Figure 2a). In order to
further illustrate the reaction process of the 3D-dendritic
MSNSs, the synthesis of the single generation products with a
pore size of ∼7 nm were selected as the another example with
meticulous monitoring. According to the TEM images of the
products with different reaction time, the nanoparticles begin to
appear with a particle size of ∼45 nm after 2 h reaction, and
grow to a particle size of ∼75, ∼90, ∼111, ∼124, and ∼136 nm
at the reaction time of 3, 4, 6, 8, and 12 h, respectively
(Supporting Information Figure S4a−e and Figure 2b). It
reveals that a nucleation-growth process occurs in the
preparation of the 3D-dendritic MSNSs. The growth rate is
found to become more and more slowly as the nanospheres
growing up (Supporting Information Figure S4f), and the
maximal thickness of each generation of the 3D-dendritic
MSNSs is considered to be tuned within ∼180 nm in a one-pot
reaction. It also has been demonstrated that the 3D-dendritic
MSNSs can be grown to larger particle size with the same pore
size if the number of the nanoparticles is reduced, while the
concentration of silica source and organic amine is maintained
by continuous adding. On the other hand, the particle size of
the 3D-dendritic MSNSs can be affected obviously by the
reaction temperature. The synthesis of the single generation
products with a pore size of ∼7 nm were selected as the
example with different reaction temperature, the particle size of
the 3D-dendritic MSNSs can be increased from 75 to 145 nm
when the temperature was increased from 45 to 75 °C, and the
pore size of them maintained to be ∼7 nm (Supporting
Information Figure S10 and Figure 2b,e).

Figure 3. TEM images (a−c), SAXS patterns (d), nitrogen adsorption−desorption isotherms (e), and pore size distribution (f) of the 3D-dendritic
MSNSs with different pore size of ∼5.5 nm (a, and black lines in d−f), ∼10 nm (b, and red lines in d−f), and two-generation 3D-dendritric MSNSs
with a bimodal mesopore size of ∼5.5 nm inside and ∼10 nm outside (c, and blue lines in d−f). All the 3D-dendritic MSNS products were extracted
by NH4NO3-ethanol three times to remove the surfactant templates. All scalebars in TEM images are 100 nm.

Table 1. Synthesis Conditions of the 3D-Dendritic MSNS
Products via Biphase Stratification Approacha

hydrophobic organic
solvent

concentration
of TEOS
(v/v %)

mean
size of
pores
(nm)

BET
surface
area

(m2 g−1)

volume of
pores

(cm3 g−1)

1-octadecene 20 2.8 598 0.571
decahydronaphthalene 20 5.5 416 0.873
cyclohexane 20 7.0 523 0.889
cyclohexane 10 10 632 1.419
cyclohexane 5 13 681 1.656

aAll the 3D-dendritic MSNS products were prepared with different
upper oil phases but the same bottom aqueous phase as 10 wt %
CTAC and 0.3 wt % TEA water solution at 60 °C for 12 h. All the 3D-
dendritic MSNS products were extracted by NH4NO3-ethanol three
times to remove the surfactant templates. All the pore sizes of the 3D-
dendritic MSNS products were determined from the adsorption
branch on the basis of the BJH model.
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In addition, the pore sizes can be well controlled in the
desired generation for the 3D-dendritic MSNSs by changing
the upper oil phase during different generation fabrication
process as described above (Scheme 1c). The large pore size of
∼10 nm in the second generation shells can be realized by
changing 10 v/v % TEOS cyclohexane solution as the upper oil
phase after the preparation of the first generation 3D-dendritic
MSNSs, while the first generation nanospheres keep the pore
size of ∼5.5 nm due to using 20 v/v % TEOS decahydronaph-

thalene solution in the synthesis process (Figure 3c). Another
kind of products with a large pore of ∼10 nm in the first
generation 3D-dendritic MSNSs and small pores of ∼2.8 nm in
the second generation can also be synthesized successfully
(shown in Supporting Information Figure S3) by changing
TEOS solution in reverse: first 10 v/v % TEOS cyclohexane
solution, then 20 v/v % TEOS in the upper phase of organic
solvent 1-octadecene.

Figure 4. Protein release curves (a) of the 3D-dendritic MSNSs nanocarriers in Krebs solution at 37 °C and TEM images of the 3D-dendritic
MSNSs nanocarriers (b−l) at different degradation intervals: the 3D-dendritic MSNS-10 nanocarriers with a large pore size of ∼10 nm at (b) 0 h,
(c) 4 h, (d) 8 h, (e) 12 h and (f) 24 h; the two-generation 3D-dendritic MSNS-5.5@10 nanocarriers with a hierarchical core−shell mesoporous
structure and a small pore inside of 5.5 nm in size and a large pore outside of 10 nm, (g) the first-generation of 3D-dendritic MSNS-5.5@10 as the
intermediate products, two-generations 3D-dendritic MSNS products at (h) 0 h, (i) 12 h, (j) 24 h, (k) 48 h, (l) 72 h. The loading capacity of
corresponding 3D-dendritic MSNSs is set as 100% to calculate the release amount (%) in the protein release curves. All scalebars in TEM images are
100 nm.
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Furthermore, it is found that the 3D-dendritic silica
mesopore channels can be nucleated and grown on the surface
of the gold nanoparticles. If the gold nanoparticles with a
particle size of ∼25 nm prepared according to the sodium
citrate reduction method reported previously45 are added in the
aqueous phase of the bottom layer at the beginning of the
reaction (Supporting Information Figure S5a), a core−shell
Au@3D-dendritic MSNS structure can be obtained. It clearly
indicates that the nucleation and growth of 3D-dendritic
MSNSs on the heterogeneous surface of the Au nanoparticles
are prior to the homogeneous one in the aqueous solution.
Similarly, when the silver nanocubes with a particle size of ∼40
nm prepared according to the NaHS-mediated polyol synthesis
method reported previously46,47 are added in the bottom
aqueous phase and used as a core, the uniform core−shell Ag@
3D-dendritic MSNS can also be achieved by the similar
condition. Interestingly, the morphology of the core−shell
nanoparticles is inclined to grow spherically (Supporting
Information Figure S5b), which may be related to lowering
the surface energy. These results clearly indicate that the
biphase stratification approach can be expanded as a coating
method for the preparation of other core−shell and functional
mesoporous materials.
All results above reveal that the upper oil phase plays the key

role in the preparation of the 3D-dendritic MSNSs. The
hydrophobic organic solvent not only provides a storage
medium for the silica resource (TEOS) but also interacts and
assembles with the surfactant molecules on the interface to
form oil@water emulsion micelles, which serve as a mesoscaled
template to generate the ordered mesoporous silica structure
with controlled pore diameters, particle sizes, and generation.
Compared to the regular reactions in homogeneous system
with the similar aqueous parameters,48,49 it costs much more
time in the formation of the 3D-dendritic MSNSs via the
biphase stratification approach due to the slow diffusion and
hydrolysis rates of silicates from the oil phase to aqueous phase
and on the interface. It allows controlling the assembly and
growth of the silica mesostructures. On the basis of the above
results, we proposed a novel interfacial emulsion, “funneling”
gradient assembly and growth process as shown in Scheme 1.
The formation of the 3D-dendritic mesoporous silica nano-
spherical structures in the biphase stratification reaction system
undergoes a complex process including interfacial emulsion to
form oil@water hemimicelles, exclusive composite micelles on
the solid nuclei, “funneling” gradient assembly, and growth of
the mesostructures (Scheme 1e−h).
At first, due to the gravity and hydrophilic/hydrophobic

interaction an oil@water hemiemulsion micelles with interfacial
curvature can be induced by the surfactant assembled with
hydrophobic organic solvent at the interface because a shear
force from stirring.50 Meanwhile, the silica source TEOS in the
upper organic solvent gradually diffuses to the oil−water
interface to hydrolyze and polymerize to form the silicate
oligomers, which are continuously arranged at the hydrophilic
zone of the curving interface of the hemimicelles due to their
hydrophilic Si−OH groups (Scheme 1f). The silicate oligomers
can further go into the aqueous phase to trigger the nucleation
process when they reach the critical nucleation concentration
(Scheme 1a). With the continuous and gentle stirring for the
aqueous solution, the silicate/surfactant/oil composite nano-
seeds can move randomly in aqueous phase and reach the
interface and contact the curvature emulsion micelles
containing oligomers to realize further growing and assembling

with the “funneling” curvature (Scheme 1g). Then the silicate
oligomers are further polymerized and condensed to form
neonatal pore walls with the hemiemulsion as a template
(Scheme 1h,i) then enter into the aqueous phase. The
processes of interfacial emulsion, assembly, condensation, and
“funneling” gradient growth can be continued circularly, since
the nanoseeds (silicate/surfactant/oil composites) get in touch
with the interface repeatedly via their free movement by the
stirring, leading to the uniform growth of mesopores on 3D
direction. The dendritic mesochannels with a “funneling” shape
can be obtained by successive growth processes revolving
round the nanoseeds. The process can be recycled many times
on the interface, the 3D-dendritic MSNSs can be obtained by
continuous growth, and the particle diameter can be
continuously increased. Because of the limitation of the
diameter of the oil@water hemimicelles, the silicate polymer-
ization and cross-linking could not be continuously arisen on
the “funneling” mesochannels of the nanoseeds along with the
original gradient direction, therefore the new nuclei would
emerge and subsequently the Y-type dendritic mesochannels
can be formed. Finally, the uniform mesoporous silica spheres
with dendritic and funneling mesochannels can be obtained.
The multigeneration hierarchical 3D-dendritic MSNSs can

be obtained via continuous growth of the 3D-dendritic
mesoporous channels on the surface of the first-generation
products by changing the upper organic solution of the silicate
source. The surface of the first-generation 3D-dendritic MSNSs
can serve as a seed and core for further growth of the gradient
dendritic mesochannels, because the nucleation concentration
of the silicate oligomers on the heterogamous surface (solids)
for the growth is much lower than the critical nucleation
concentration. Furthermore, the preparation of Ag nanocube@
3D-dendritic MSN and Au nanoparticle@3D-dendritic MSN
core−shell composites can be realized. During the interfacial
assembly process, the key factor for the mesopore size is the
interfacial curvature of the surfactant/orgainic solvent/hydro-
philic silicate emulsion, which is not only dependent on the
molecular size and hydrophily/hydrophobicity of organic
solvent, but also the amount of hydrophilic silicate source on
interface. The emulsion occurs more easily and a larger
curvature radius of hemiemulsion can be realized when the
smaller molecular weight organic solvent such as cyclohexane is
used as the upper oil phase, resulting in the formation of the
larger pore 3D-dendritic mesoporous silica. When the high
molecular weight organic solvent such as the decahydronaph-
thalene or 1-octadecene is used as an upper oil phase, the size
of the hemiemulsion is smaller since the larger molecule size
makes interfacial curvature to be smaller, leading to the
formation of emulsion more difficult. Furthermore, when the
concentration of the silica resource is lower, the pressure effect
on the curvature radius is weaker with the fewer silicate
oligomers around the hemiemulsion, resulting in the formation
of larger diameter of the emulsion templates, and then large
pore 3D-dendritic mesoporous silica spheres. Therefore, by
changing TEOS concentration and up oil organic solvent, the
hieratical pore size and multigeneration 3D dendritic MSNSs
can easily be obtained.
In order to investigate whether the different pore sizes and

generations can affect the loading and releasing in drug delivery
system when the 3D-dendritic MSNSs are used as a protein
nanocarrier, three kinds of the 3D-dendritic MSNS products
with the same particle size but the different mesopore sizes and
generations were designed and prepared. The first kind has a
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pore size of ∼5.5 nm (Figure 3a), and they are named as
nanocarriers of 3D-dendritic MSNS-5.5; the second one has a
pore size of ∼10 nm (Figure 3b) as nanocarriers of 3D-
dendritic MSNS-10; while the third one is two-generation 3D-
dendritic MSNSs with a pore size of ∼5.5 nm for the first
generation and ∼10 nm for the second generation (Figure 3c),
named as 3D-dendritic MSNS-5.5@10. All three kinds of the
protein nanocarriers have the same particle size of ∼130 nm.
The SAXS and BET data of these nanocarriers are shown in
Figure 3d,e, providing the clear evidence to demonstrate the
pore sizes and generations of them.
For the protein loading and releasing experiments, bovine β-

lactoglobulin with the molecular size of 3.78 × 4.96 × 5.65 nm
was chosen as a model protein. The isoelectric point (PI) of
silanol on the surface of 3D-dendritic MSNSs is about 3.0,
however, the PI value of the guest molecule bovine β-
lactoglobulin is about 6.0. In protein loading measurements, the
acetic acid-sodium acetate buffer (pH = 5.0) was used as the
buffer, since the protein and nanocarriers (3D-dendritic
MSNSs) can achieve the positive and negative charges,
respectively. The 3D-dendritic MSNS-5.5 nanocarriers have
the protein loading capacity of ∼30.5 wt %, while the 3D-
dendritic MSNS-10 with a larger mesopore size show a double
loading capacity as 62.1 wt %, because the latter nanocarries
have a double pore volume compared with the former. The
two-generation 3D-dendritic MSNS-5.5@10 nanocarriers have
the protein loading capacity of ∼46.6 wt %, which is due to a
little bit lower pore volume of the hierarchical mesostructure
compared with the 3D-dendritic MSNS-10. For the protein
releasing experiments in the Krebs solutions (pH = 7.4), the
3D-dendritic MSNSs and their guest molecules (proteins) can
both have negative charges, therefore the electrostatic repulsive
interaction not only can keep the nanocarriers dispersed but
also provide the nanocarriers a driving force to release the guest
proteins. The three nanocarriers resulted in different release
curves (Figure 4a). The 3D-dendritic MSNS-5.5 nanocarriers
with a small pore size show the extended release over more
than 70 h, while the nanocarriers with a larger mesopore of ∼10
nm reveal much quicker release and can be completed within
24 h. Interestingly, the two-generation 3D-dendritic MSNS-
5.5@10 nanocarriers show a two-stage release, one in the first 2
h is similar to that for the 3D-dendritic MSNS-10 and another
after 2 h is analogous to that of the 3D-dendritic MSNS-5.5. It
suggests that the 3D-dendritic MSNS nanocarriers with
multigeneration hierarchical mesostructure can lead to the
multistage releasing of guest molecules.
It was found that when the 3D-dendritic MSNS nanocarriers

were soaked in the simulated body fluid, the solution was
gradually transformed from the milky white to a transparent
liquid, while the protein was released out. The degradation of
the 3D-dendritic MSNS-10 nanocarriers with a large mesopore
size of 10 nm were tested as a model and tracked by TEM and
SEM images, revealing a rapid degradation process completed
in 24 h (Figure 4b−f and Supporting Information Figure S7).
The whole degradation is a process from outside to inside. The
3D-dendritic MSNS-10 nanocarriers show the smooth surface
before the degradation (Figure 4b and Supporting Information
Figure S7a). The obvious defects can be clearly observed on the
particle surface after the degradation for 4 h (Figure 4c). The
particle size of the 3D-dendritic MSNS-10 nanocarriers is
significantly decreased after 8 h (Figure 4d), while the surface
of the nanospheres seemly become hairy due to the degradation
(Supporting Information Figure S7b). With the increase of the

degradation time, the mesopore frameworks of the 3D-
dendritic MSNSs are gradually destroyed (Figure 4e and
Supporting Information Figure S7c) and only some blurred
fragments can be observed after 24 h (Figure 4f), indicating
that the degradation is almost completed in this short period.
However, it takes much more time to degrade the

nanocarriers with smaller pore sizes (3D-dendritic MSNS-5.5)
indicated by the transformation of the solution from the milky
white to a transparent liquid with the same degradation
condition. The tracing TEM images reveal that for this
nanocarrier with a smaller pore size of ∼5.5 nm it takes almost
96 h to degrade undetectable small silicate fragment
(Supporting Information Figure S9a−e), 4-fold time longer
than that for the 3D-dendritic MSNS-10 with a larger pore of
∼10 nm. The partial mesochannels in the 3D-dendritic MSNS-
5.5 nanocarriers become larger and larger after the degradation
for 12 h (Supporting Information Figure S9b), and some
irregular cracks in the surface can be observed in the SEM
images due to the irregular destruction of the mesostructure
(Supporting Information Figure S9g). After 24 h, the particle
size becomes much smaller, and some antenna-like pore wall
fragments appear on the surface (Supporting Information
Figure S9c). Seldom solid nanoparticles can be detected in the
solution after 96 h, indicating almost complete degradation
(Supporting Information Figure S9d,e).

29Si MAS NMR spectra for the 3D-dendritic MSNSs exhibit
two resonance bands at −100.8 and −110.2 ppm (Supporting
Information Figure S6), which are characteristics of (HO)Si-
(OSi)3 (Q

3) and Si(OSi)4 (Q
4) silicon species, respectively.51

Via fitting the multipeaks by Gaussian method, the Q3/Q4 ratio
for the 3D-dendritic MSNS-10 nanocarriers is calculated to be
∼0.40, suggesting a low cross-liking degree of the silica
frameworks. Meanwhile, the 3D-dendritic MSNS-5.5 nano-
carriers with a small pore size (∼5.5 nm) have an approximate
Q3/Q4 ratio of ∼0.46. It suggests that the 3D-dendritic MSNSs
with different pore sizes have a similar low cross-linking silica
framework.51,52 It also provides the evidence that the
degradation rate is mainly dependent on the pore size of the
3D-dendritic MSNSs.
Furthermore, the degradation of the two-generation 3D-

dendritic MSNS-5.5@10 nanocarriers undergoes a two-stage
process which can last about 72 h. The first stage is rapid
degradation for the outside second-generation shells with a
large pore size of ∼10 nm. From the outside to inside, it is
similar to the single-generation 3D-dendritic MSNS-10 nano-
carriers. It takes about 12 h for the degradation of the pore
channels of second-generation shells (Figure 4i). The nano-
particles lost their silica shells and seemly returns to the first
generation (Figure 4g). Then the rest nanocarriers with a pore
size of ∼5.5 nm show a slow degradation rate in the following
process (Figure 4j,k, Supporting Information Figure S8). The
fragments of the silica nanoparticles can be rarely detected after
72 h (Figure 4l), indicating that the degradation is almost
finished. All the results above suggest that the hierarchical
mesostructure have a multistage hierarchical degradation
behavior as a result of their unique structure.
It was reported previously that the free diffusion and charges

auxiliary driving force were supposed to be the main factors for
the protein releasing.53 However, in our case for the 3D-
dendritic MSNSs, the degradation probably played a more
important role, because the guest molecules could be released
into the solution with the silica gradual degradation process.
Thus, multistage release can be achieved by the degradable
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multigeneration hierarchical structures with controlled release
rates.
Most importantly, the degradability of the 3D-dendritic

MSNSs makes this kind of novel nanocarriers have a better
biological compatibility compared with other conventional
inorganic ones. Incubating HeLa cell with the 3D-dendritic
MSNSs with the concentration from 0 to 10 mg/mL, there is
not obvious difference for the cell viability (Supporting
Information Figure S11). Even in a very high concentration
(100 mg/mL of the 3D-dendritic MSNSs) for bioapplication,
about 90% of cell viability also can be achieved for both 3D-
dendritic MSNS-10 and 3D-dendritic MSNS-5.5 samples. For
the extreme cytotoxicity, 1000 mg/mL of 3D-dendritic MSNSs
was investigated, and cell viability of 3D-dendritic MSNS-10
and 3D-dendritic MSNS-5.5 was ∼47 and ∼37%, respectively,
clearly demonstrating that these nanocarriers with faster
biodegradation rate have less toxicity. On one hand, the low
cross-linking degree of the mesoporous silica frameworks has
the benefit in the degradation. On the other hand, large pore of
the 3D-dendritic MSNSs favors the rapid degradation rate with
the fast substance diffusion between the inside and outside.
Their fast and tunable degradation rate is a unique advantage
against other nanocarriers, while the some conventional
features of mesoporous materials are still preserved.
In summary, a kind of novel 3D-dendritic mesoporous silica

nanospheres with multigenerational and hierarchical den-
drimer-like center-radial mesopore channels has been success-
fully synthesized via a new biphase stratification approach. The
biphase stratification approach not only can control the
uniform large pore size of the desired generations (three
generation here) from ∼2.8 to 13 nm but also can tune the
thickness of each generation for the mesoporous silica
nanospheres from ∼5 to 180 nm. Furthermore, the biphase
stratification approach also can be expanded to prepare uniform
core−shell mesoporous structures with varied functional cores
(such as Au nanoparticles and Ag nanocubes) and 3D-dendritic
mesopores radial channels. The novel interfacial emulsion,
“funneling” gradient assembly and growth mechanism is
proposed, which undergoes a process including interfacial
emulsion to form oil@water hemimicelles, exclusive composite
micelles on the solid nuclei, “funneling” gradient assembly and
growth of the mesostructures. The 3D-dendritic MSNSs reveal
a fast degradability rate due to their large pore sizes and low
cross-linking silica frameworks. The fastest degradation can be
finished entirely in 24 h, which is greatly shorter than the two
weeks of conventional mesoporous silica nanoparticles reported
previously. With the remarked large pores and good
degradability, this kind of 3D-dendritic MSNSs can be used
as reliable protein nanocarriers and tunable protein releasing
rates, which are demonstrated to be depended on the pore size.
The larger mesopore size is, the faster degradability and
releasing rates are. Furthermore, multigeneration 3D-dendritic
MSNSs with different pore sizes and hierarchical mesostructure
can realize the multistage degradation and guest molecule
release. Thus, as a kind of novel biodegradable inorganic
materials, the 3D-dendritic MSNSs are very useful for drug
delivery, especially in the large-sized protein molecules.
Moreover, it also can be used as supports for enzyme catalysis,
pollutant enrichment, chromatography, and bioimaging and
sensors.
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